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Abstract

Air pollution poses a severe threat to public health in Indian cities such as
Faridabad, where vehicular traffic, industrial activities, and seasonal biomass
burning intensify pollutant concentrations. This study aims to analyze hourly
air quality data from 2024 to examine the diurnal and seasonal variations
in six major pollutants and their compliance with air quality standards. The
results revealed that the PM, , concentration peaked at 171.85 ug/m?®in winter,
exceeding the WHO 24-hour limit of 15 pg/m?® by more than 11 times, whereas
the PM, ; concentration reached 271.48 ug/m?. Ozone concentrations peaked
at 69.48 pg/m?® in summer afternoons, crossing the WHO 8-hour average
guideline of 60 pg/m?3. Diurnal patterns showed morning and evening peaks
forPM, ., NO,, and CO due to traffic emissions and stable atmospheric conditions,
whereas ozone displayed a strong afternoon peak due to photochemical
formation. Correlation analysis revealed strong associations among PM, ,
PM,,, NO,, and CO (r > 0.85), whereas ozone was negatively correlated
with NOx in summer (r = —0.63), confirming NO_ titration. The PM, /PM,; ratio
ranged from 0.52 to 0.63 across seasons, indicating a dominant contribution
from fine particulates linked to combustion sources. These findings under-
score the need for season and time-specific interventions, including stricter
emission standards, VOC controls, real-time air quality alerts, and coordinated
action on crop residue burning to reduce health risks in urban India.
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Introduction

Air pollution has become a major public health and
environmental issue in many urban centers across
India, notably places such as Faridabad. Studies
have repeatedly shown that air pollutants, including
PM,.,NO , SO,, and CO, severely harm both human
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health and ecological systems. Different studies
across northern India confirmed consistent elevations
in these pollutants, especially during the winter and
postmonsoon seasons, due to meteorological
inversions and stagnant air conditions.'3 Faridabad,
within the NCR, ranks among India’s most polluted

CONTACT Prashant Ravish 224 phdevs2020-25prashant@kuk.ac.in 9 Institute of Environmental Studies, Kurukshetra University,

Kurukshetra, Haryana, India.

© 2025 The Author(s). Published by Enviro Research Publishers.
This is an @
Doi: http://dx.doi.org/10.12944/CWE.20.2.8

Open Access article licensed under a Creative Commons license: Attribution 4.0 International (CC-BY).



RAVISH & KASHYAP, Curr. World Environ., Vol. 20(2) 635-656 (2025)

cities because of its combination of substantial urban
pollutants and considerable particulate matter from
agricultural sources, particularly from crop residue
burning.*% Seasonal dynamics play a critical role, with
pollutant levels peaking in the postharvest burning
months and winter, a trend validated in local
investigations.® The dual impact of anthropogenic
emissions,' 37 and meteorological constraints further
exacerbates the air quality challenges faced by the
region.?

Pollutants in Faridabad exhibit daily changes in
concentration, with recognizable diurnal peaks
typically coinciding with traffic hours and industrial
activities. These fluctuations are significantly
influenced by meteorological factors, such as
temperature inversions and wind patterns, and are
further exacerbated by crop residue burning (CRB)
during the postmonsoon season.? Despite numerous
studies focusing on annual or seasonal air quality
variation, there remains a marked research gap in
the examination of hourly pollutant dynamics, an
essential element for refining air quality forecasts
and interventions. Recent studies underscore the
importance of high-resolution temporal monitoring
in understanding pollution dynamics across NCR
cities such as Faridabad. For example, Prakriti®
conducted a diurnal and seasonal air quality
analysis over the Delhi NCR, revealing that PM,
and NO, concentrations peak during early morning
and late evening hours and are strongly influenced
by traffic and stable boundary layers during winter.
Their work confirmed that ozone (O,) peaks in the
afternoon due to photochemical reactions involving
NO, and VOCs under intense solar radiation,
with titration suppressing O, during morning rush
hours. Similarly, Kaushik® highlighted that ozone
formation is VOC dependent in the NCR region,
with the NO_ concentration significantly impacting
its temporal distribution. Furthermore, a 2023 study
by Masood' applied machine learning to model
PM, , fluctuations across Delhi, confirming the
diurnal pollution cycle and the predictive value of
meteorological parameters such as wind speed and
temperature inversions. These studies collectively
validate the need for hourly resolution assessments,
as pursued in the current study, to inform actionable
mitigation aligned with both WHO guidelines and
NAAQS benchmarks. While hourly PM, ;and NO,
concentrations have been linked to peak commuting
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times and temperature-driven inversion layers,
integrated studies capturing daily variation across all
seasons remain scarce in cities such as Faridabad."

Faridabad's pollution profile is shaped not only
by local urban emissions but also by regional
contributions from CRB in Haryana and Punjab.
These emissions, which exhibit strong diurnal and
seasonal variations, have been studied in the context
of their downwind effects on urban centers.'? Arecent
source-attribution study traced carbon monoxide
emissions directly to cropland fires, showing daily
spikes consistent with burning practices.' However,
many of these efforts focus on monthly averages,
neglecting hour-by-hour resolutions that could guide
actionable mitigation strategies. Ultimately, effective
policy design requires an understanding of how
urban emissions, crop burning, and meteorological
dynamics interact over daily timescales. Without this,
efforts to reduce human exposure remain generalized
and less effective. Advancing this research is critical
for tailoring pollution control measures to match both
diurnal activity patterns and seasonal environmental
conditions in rapidly urbanizing areas such as
Faridabad.

This study suggests that the daily patterns of
pollutants in Faridabad are shaped by a synchronous
interplay between urban emissions, agricultural
residue burning, and meteorological conditions.
Research has demonstrated that postmonsoon crop
burning in Punjab and Haryana significantly elevates
the levels of PM, ,, NO,, and CO in downwind cities
such as Faridabad, particularly during winter
inversion events that trap pollutants close to the
ground.'>"® The planned investigation of hour-by-
hour pollutant trends across seasons, especially
in the winter and post monsoon periods, targets
an underexplored temporal scale essential for
adaptive policy design. While several studies have
analyzed seasonal air quality patterns in the Delhi
NCR, few have offered high-resolution, hourly
assessments for rapidly urbanizing cities such as
Faridabad.'581"12Existing work has largely relied on
daily or monthly averages, overlooking intraday
dynamics that are critical for exposure forecasting
and policy targeting. This study addresses that
gap by analyzing hourly pollutant data from 2024,
capturing diurnal peaks and seasonal fluctuations
across six major air pollutants. The incorporation of
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real-time monitoring data, seasonal meteorology,
and pollutant interrelationships provides a detailed
temporal profile of urban air pollution, which is rarely
documented at this resolution in Tier-Il Indian cities.
The key contribution of this study lies in its
integrated analysis of hourly pollutant variation,
source—indicative ratios (PM, /PM, /), and inter-
pollutant correlations, contextualized within both
the Indian NAAQS standards and the WHO
(2021) standards. This approach not only reveals
pollutant exceedances but also reveals how
temporal emission patterns and meteorological
dynamics interact to shape air quality. The use of
high-frequency data enables the identification of
health-critical time windows, such as morning traffic
and winter evenings, offering actionable insights for
time-sensitive regulatory strategies in Faridabad and
similar urban regions.

This study aims to generate insight into diurnal and
seasonal air pollution variability, which will inform
the development of dynamic air quality management
strategies. These factors would account for transient
peaks in pollutant concentrations, thereby offering
more effective exposure mitigation than annual
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averages or seasonal aggregates typically used
in policymaking." A detailed assessment of daily
changes in pollutants such as PM,, and NO,,
which are shaped by vehicular traffic, crop residue
combustion, and surface weather patterns, has thus
far been limited, especially in highly polluted Tier-II
cities such as Faridabad. " Ultimately, this study will
close critical data gaps by mapping how pollutants
fluctuate daily under varying seasonal contexts.
The findings will enhance public health outcomes
by supporting time-specific control policies aimed
at minimizing exposure during daily peak hours.
Such interventions are increasingly vital not only for
Faridabad but also for urban areas across India and
other regions confronting similar pollution burdens.

Materials and Methods

This study investigates how patterns of air pollution
manifest differently across various times of the day
and across the four seasons in Faridabad. Secondary
data from air quality monitoring stations, meteoro-
logical information, and satellite images of agricultural
fires were analyzed to assess variations in air quality
over a range of hours and seasons.

* | Sector 30, Faridabad
» | Sector- 16A, Faridabad

" New industrial town,
glate— Faridabad

= | Sector- 11, Faridabad

Fig. 1: Locations of the ambient air quality monitoring stations in Faridabad used in this study:
Sector 30, Sector 16A, New Industrial Town, and Sector 11. The upper map shows the station
distribution within the Delhi NCR region, whereas the lower inset highlights Faridabad’s
location in the national monitoring network.

Study Area

Faridabad, a part of southeast Haryana, India, is a
fast-developing metropolis in the northern Indian
state of Haryana and is a part of the National Capital

Region as shown in Figure 1. It is located strategi-
cally along NH 48 and is located between Delhi to
the north, Gurugram to the west, and Uttar Pradesh
to the east, possessing a 742.90 square kilometer
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area. The population of the district is 79.5% urban
due to industrialization and its proximity to Delhi. The
city also suffers from motor vehicle exhaust, industrial
emissions, and the combustion of postharvest
agricultural leftovers, which are particular sources
of air pollution. Faridabad is one of several Indian
cities suffering from suboptimal air quality:
it experiences hot summers, cool winters, and a
monsoon season, with atmospheric conditions,
including temperature inversions and low wind
movement, that aggravate pollution during the
winter and postmonsoon periods.>® The industrial
base, which includes major sectors of automobile
manufacturing, textiles, and engineering, emits a
wide array of pollutants, including NO,, PM, ., CO,
and VOCs, which severely affect air quality. The
nearby Yamuna River and its floodplains, which
drive local soil and water retention, also feed into
agricultural runoff and burn, exacerbating pollution
levels. In addition, building work and road dust
are likely to be consistent genera of particulate
emissions. Although development of the city is
taking place at a fast pace, the transportation
infrastructure is not improving correspondingly,
thus leading to chaos on the roads, which are seen
getting further torturous due to a rise in the number
of vehicles and incessant air pollution, especially
during rush hour.

Data Collection

This study utilized a comprehensive set of data from
multiple sources to analyze air quality patterns in
Faridabad. Hourly concentrations of key pollutants,
PM, ., PM,;, NO,, SO,, CO, and O,, were obtained
from air quality monitoring stations managed by the
Central Pollution Control Board (CPCB). This study
utilized hourly air quality data for six pollutants, PM,
Pva NO,, SO,, CO, and O,, from four continuous
ambient air quality monitoring stations (CAAQMS)
in Faridabad: Sector 30, Sector 11, Sector 16A,
and the new industrial town, as maintained by the
Haryana State Pollution Control Board (HSPCB) and
reported via the CPCB portal. Instead of relying on a
single station, the analysis was based on the citywide
hourly average computed from all available stations.
This approach minimizes spatial bias and provides a
more holistic representation of air quality conditions
across Faridabad. Sector-wise differences were
minor, with Sector 30 and Sector 11 consistently
reporting higher PM,, and PM, . concentrations.
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However, using an integrated average across
stations ensures that intracity variation is reflected
while still enabling high-resolution diurnal and
seasonal analysis. Data for the year 2024 were
analyzed across all four seasons to capture seasonal
variations and trends in pollutant levels. Additionally,
the CPCB database provides data from the
Continuous Ambient Air Quality Monitoring System
(CAAQMS) stationed in the Yamunanagar district.?”
The real-time air quality data from this system were
cross-referenced with historical pollution trends to
ensure consistency with prior studies. The open-
source data were further validated by incorporating
quality control measures as outlined by the CPCB
guidelines, which helped to increase the accuracy
and reliability of the findings.

PM,, and PM,; were monitored via a filter-based
gravimetric technique and light scattering instruments.
NO, was measured via chemiluminescence, SO,
was measured via fluorescence, CO was measured
via the NDIR detector, and ozone (O,) was measured
via the UV absorption method according to the
CPCB methods. Interpolation methods were used
to accommodate missing data. Although such
differences in measurement setup and ambient
conditions might lead to some errors, the CPCB
quality control procedure has limited them. Moreover,
satellite remote sensing data on the burning of agri-
cultural residue were utilized, but cloudiness and
other disturbances sometimes restricted coverage.
Meteorological data such as temperature, humidity,
wind speed, and atmospheric pressure data were also
collected from the Indian Meteorological Depart ment
(IMD), in addition to air quality data. These climatic
conditions are of primary interest for ascertaining
their impact on the prevalence of dispersion and
accumulation of pollutants in the area.

Seasonal and Daily Characterization

The seasonal groups in Faridabad were in accor-
dance with the specific monsoons that the region
experiences. The city has summer (March to June),
monsoon (July to September), postmonsoon (October,
November), and winter (December to February)
seasons. The seasonal groups in Faridabad were
classified as summer (March—June), monsoon (July—
September), postmonsoon (October—November),
and winter (December—February), following the
climatological norms of the Indian Meteorological
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Department (IMD). These divisions reflect distinct
meteorological regimes that significantly affect
pollutant dispersion and accumulation patterns in
northern India.

These seasons play a major role in determining
the quality of the air, as climatic factors such as
fluctuations in temperature, humidity, precipitation,
and agricultural burning in the postmonsoon and
winter months all contribute to increasing pollution
levels. Ozone is a photochemical gas; hence, warm
summer temperatures and strong solar radiation
increase these photochemical processes. The
particulate pollution also decreases during the
monsoon season due to rain, which washes down
the pollution and results in better atmospheric
dispersion. However, the adjoining regions face
agricultural residue burning in both the postmonsoon
season and the Winter season, which results in an
increase in the emission of pollutants.

The levels of pollutants were assessed at three
times of the day: morning (6:00 AM - 10:00 AM),
afternoon (12:00 PM - 4:00 PM), and evening (6:00
PM - 10:00 PM). These time windows were chosen
on the basis of prevailing traffic schedules, human
activity patterns, and daily meteorological cycles in
northern India. The morning period (6:00 AM -10:00
AM) corresponds with commuting hours and thermal
inversion events; the afternoon (12:00 PM - 4:00 PM)
corresponds to maximum solar radiation and vertical
mixing; and the evening (6:00 PM -10:00 PM)
captures a second traffic peak and the onset of night-
time cooling, which typically reduces dispersion. This
categorization could be used to compare the average
concentration of pollutants during the grouped hours
of the day to evaluate the daily variation in air
pollution. The morning time of the day usually has
elevated pollutant levels due to traffic and industrial
activities, and pollutants are trapped in a stable
atmosphere. In the afternoon, when the atmosphere is
more unstable, due to increased solar radiation, which
enhances vertical mixing and causes dispersion
of pollutants, O, levels diminish. In the evening, there
is another peak in pollution levels as the wind speed
decreases, traffic emissions increase, and home
heating is switched on. The investigation of these
diurnal phases can aid in the determination of the
periods of the day that experience the highest
pollution levels and can be targeted for interventions
to alleviate peak pollution.
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Statistical Analysis

Data were collected on an hourly basis, and the
concentrations of pollutants were averaged across
the diurnal periods and for the entire administrative
year. To analyze the data, several statistical
measures were applied, including the calculation
of the mean, median, and standard deviation, to
capture the overall pattern and variation in pollutant
levels. Statistical tests were performed to assess
the significance of differences (ANOVAs) between
pollutant concentrations across different diurnal
segments and seasons. Pearson correlation was used
to examine how pollutant concentrations correlated
with meteorological factors, helping to identify key
factors influencing air quality. Pearson correlation
was selected because of its ability to quantify
linear relationships between continuous variables
such as pollutant concentrations and meteoro-
logical factors. Although alternatives such as
Spearman rank correlation could capture nonlinear
trends, preliminary analysis revealed that most
of the inter-pollutant relationships in this dataset
were approximately linear. Future work may explore
nonlinear models or machine learning methods for
more complex associations.*®" The PM, ./PM,
ratio was used as an indicator of pollution source
characteristics. Ratios above 0.5 typically suggest
dominant contributions from combustion sources
such as vehicular exhaust and biomass burning,
whereas lower ratios indicate greater influence from
coarse particles such as road dust or construction
emissions. This ratio helps infer temporal source
dominance across seasons and time periods.

QC/QA and Data Validation

To ensure the accuracy and reliability of the data,
quality assurance (QA) and quality control (QC)
measures were implemented throughout the
research process. The air quality data were cross-
verified with secondary sources to confirm their
consistency. Any missing or inconsistent data
points were addressed via interpolation methods to
maintain continuity and avoid data gaps. On average,
less than 5% of the hourly data were missing across
all pollutants. Missing values were filled via linear
interpolation for short gaps (under 3 hours), following
the CPCB-recommended quality control guidelines.
Longer data gaps were flagged and excluded from
correlation or time series analysis to preserve
statistical integrity. These QC/QA procedures
ensured that the data were accurate, reliable, and



RAVISH & KASHYAP, Curr. World Environ., Vol. 20(2) 635-656 (2025) 640

truly reflective of the prevailing atmospheric conditions
in Faridabad.

Results

The air pollutant analysis for Faridabad revealed
significant variation in pollutant levels seasonally and
diurnally, as shown in Table 1 and Figure 2.

Seasonal and Diurnal Variations in PM,

The analysis of the PM,, concentrations in
Faridabad revealed significant seasonal and
diurnal variations, as shown in Table 1 and Figure 2,
reflecting the combined impact of emission sources
and meteorological factors. The highest PM,
concentrations were consistently observed in the
winter and postmonsoon seasons, and the monsoon
season had the lowest levels because of the
frequent precipitation and enhanced atmospheric
transport. During winter, PM, .had an hourly average
of 171.85 pg/m® and decreased to 101.74 pg/m?3,
accounting for 68.9% of the intraday fluctuations. In
the postmonsoon season, it varied between 50.92
pg/m® and 114.73 pg/m?3, with 125.3% being the
maximum daily percentage variation for all seasons.
The summer season presented moderately elevated
values, with concentrations ranging from 108.35 pg/m?
to 168.48 pg/m?, indicating a 55.5% difference.
The monsoon season resulted in the cleanest air,
with PM,  levels ranging between 29.93 ug/m® and
58.53 pg/m?; however, a notable 95.6% variation
was detected within a day. These differences affirm
that meteorological stability and external regional
influences, particularly agricultural residue burning
during the postmonsoon season, significantly
exacerbate particulate pollution in Faridabad.

The PM, , concentrations in Faridabad exhibited
a distinct bimodal diurnal pattern across all the
seasons. The morning peak, observed between 6:00
AM and 10:00 AM, was driven primarily by vehicular
emissions during rush hour, industrial startup
activities, and the formation of shallow atmospheric
boundary layers. During the afternoon, between 12:00
PM and 4:00 PM, the PM, . level decreased, which
was attributed to increased solar radiation and the
expansion of the boundary layer, which facilitated the
vertical dispersion of pollutants. The evening peak,
from 6:00 PM to 10:00 PM, resulted in an increase
in PM, . levels, driven by increased vehicular traffic,
domestic cooking activities, and reduced wind speeds,

which hindered the dispersion of pollutants. The
sharpest reduction from morning to afternoon
was recorded in the postmonsoon season, with a
decrease of over 63.8 pg/m?, reflecting dynamic
atmospheric conditions. In contrast, winter evenings
sustained high pollutant levels due to persistent
temperature inversions and minimal wind movement,
which trapped pollutants close to the ground. The
postmonsoon season, despite not having the highest
absolute peak, presented the greatest relative
intraday change, suggesting a strong influence
of short-term emissions (e.g., stubble burning) and
dynamic boundary layer behavior. The temporal peaks
in PM, ; align closely with human activity patterns
and meteorological stagnation events. During the
winter and postmonsoon seasons, the combination
of low temperature, high humidity, and weak winds
led to reduced vertical mixing and significant
pollutant entrapment near the surface. Additionally,
the postmonsoon period coincided with intensive
agricultural residue burning in neighboring Punjab
and Haryana. The prevailing northwesterly winds
transport fine particulate matter into the NCR,
including Faridabad, thereby influencing PM, , levels
independently of local emissions. This regional
phenomenon is supported by previous research that
documented increased PM, . concentrations on days
with confirmed fire counts from satellite imagery.?'
The PM,, concentrations observed in Faridabad
during winter (~172 pg/m?) are comparable to those
reported in Delhi (~180—200 pg/m?3) during similar
periods.58'5 Comparable peak levels in Gurugram
and Noida also suggest a regional air quality crisis
during postharvest burning and inversion-prone
months. Internationally, these values are 3—4 times
higher than average winter concentrations in polluted
cities such as Beijing or Lahore, highlighting the
severe nature of particulate pollution in NCR cities.

PM,, Concentration Patterns

The PM,, concentrations across Faridabad demon-
strated strong seasonal and diurnal variability, as
shown in Table 1 and Figure 2, which was largely
driven by coarse particulate sources such as road
dust, construction activity, and industrial emissions.
Seasonal analysis revealed that the winter and
postmonsoon periods presented the highest PM,
levels, whereas the monsoon period presented
the lowest values because of frequent rainfall and
greater atmospheric cleansing. In winter, the PM,
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concentration ranged from a minimum of 149.13
pg/m?® to a maximum of 271.48 ug/m?, reflecting an
81.99% increase throughout the day. During the
postmonsoon season, the concentrations varied
from 124.83 to 222.62 pg/m?, resulting in a 78.3%
intraday change. In the summer season, the recorded
values were between 138.01 and 218.13 pg/m?, with
57.99% fluctuation. The monsoon period displayed
the lowest concentration range, with values ranging
from 62.62 to 110.00 pg/m?, yet still demonstrated
a 75.67% diurnal difference. These variations
underscore the role of dry season resuspension
of dust and regional transport of particles, particularly
from agricultural and industrial activities.®

, followed a bimodal diurnal pattern, similar to
that of PM, ., with elevated concentrations observed
during the morning (6:00 AM — 10:00 AM) and evening
(6:00 PM — 10:00 PM) across all seasons. These
peaks were most pronounced during the winter and
postmonsoon seasons and were driven primarily
by traffic-induced dust resuspension during peak
commuting hours, industrial emissions, and reduced
wind speeds coupled with lower atmospheric mixing

heights. The afternoon period (12:00 PM —4:00 PM)

P25 (e
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consistently resulted in a decrease in concentrations,
particularly in the summer and monsoon seasons,
as increased solar radiation and vertical dispersion
facilitated the dilution of pollutants.

Despite relatively high peak values, summer
presented the least intraday fluctuations, suggesting
more stable atmospheric conditions, whereas
postmonsoon and winter were characterized by
highly dynamic air quality profiles. Meteorological
conditions significantly influence PM,; behavior.
During winter, low wind speeds and frequent inversion
layers hinder dispersion, allowing particulates to
accumulate near the surface. In the postmonsoon
season, high concentrations were partly linked to
regional biomass burning and dry soil conditions that
increased dust mobility. In contrast, the monsoon
season experiences reduced PM,  levels due to
wet deposition from rainfall and stronger horizontal
wind speeds, both of which improve the air cleansing
capacity. Additionally, construction and road dust
were identified as key contributors to PM,, spikes,
particularly in rapidly developing zones such as
Sector 30 and the new industrial town (NIT).

Fig. 2: Seasonal diurnal patterns of key air pollutants over a 24-hour cycle: Comparative
analysis of monsoon, postmonsoon, summer, and winter
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NO,_Concentration Patterns

Nitrogen oxides (NO,), which are primarily emitted
from combustion processes such as vehicular
traffic and industrial operations, exhibited significant
seasonal and diurnal fluctuations in Faridabad, as
shown in Table 1 and Figure 2. NO,_ concentrations
were highest during the winter and postmonsoon
seasons, reflecting both increased emissions and
unfavorable meteorological conditions that hindered
dispersion. During the winter, NO_levels ranged from
30.46 ppb to 58.84 ppb, with a substantial 93.2%
intraday variation, the highest observed for NO_
across all seasons. During the postmonsoon season,
the NO, concentration varied between 24.15 ppb and
45.81 ppb, corresponding to an 89.7% fluctuation.
The summer levels were moderately elevated,
fluctuating between 18.84 ppb and 34.51 ppb,
indicating 83.2% variation throughout the day. The
monsoon season exhibited the lowest NO_ levels
overall, with concentrations ranging from 12.64 ppb
to 24.79 ppb, but still showed a 96.1% variation
due to sharp early morning peaks. Despite the
lower absolute concentrations during the monsoon
season, the relative change was significant because
of the abrupt increase in NO, levels during the early
hours of the day.

NO_ followed a distinct bimodal diurnal pattern, with
peaks observed during the morning (6:00 AM - 10:00
AM) and evening (6:00 PM - 10:00 PM) commuting
hours. This pattern is driven primarily by vehicular
emissions during rush hour traffic congestion, as well
as combustion from industrial and domestic heating,
particularly in the colder months. A noticeable
afternoon trough (12:00 PM - 4:00 PM) was observed
across all seasons, which was attributed to reduced
vehicular activity and increased atmospheric
dispersion. During this period, photochemical
reactions involving NO_led to its conversion into
ozone, especially under intense solar radiation. This
midday dip was particularly pronounced in summer
because of stronger photolytic activity, which
facilitated the breakdown of NO,_ and contributed
to lower concentrations during the afternoon. The
winter season presented the highest absolute NO,
levels due to limited vertical mixing, whereas the
monsoon season presented the sharpest diurnal
variation relative to its low baseline, suggesting
dynamic shifts in pollutant dispersion.

NO_accumulation is highly sensitive to meteorological
conditions. During winter, stable atmospheric
conditions, including inversion layers, limit vertical
pollutant dispersal, causing emissions from diesel
and gasoline engines to persist near ground level.
Postmonsoon conditions trap pollutants similarly
because of cool, dry air and light winds. In summer,
although emission rates remain high, strong solar
radiation and convection enhance vertical mixing
and accelerate the breakdown of NO_compounds.
The monsoon season, characterized by frequent
rainfall and high humidity, supports pollutant
washout, keeping background NO_ levels lower
despite ongoing urban activity. The major sources
of NO, in Faridabad include urban traffic congestion,
diesel-powered generators, and industrial units,
which are significant contributors to emissions
in the region. Additionally, agricultural burning in
surrounding districts, particularly during the
postmonsoon season, exacerbates NO_levels, as
the regional transport of pollutants from crop residue
burning significantly influences air quality in
Faridabad.

SO, Concentration Patterns

Sulphur dioxide (SO,), a pollutant primarily emitted
from the combustion of sulphur-containing fuels,
particularly in industrial and power-generating
facilities, exhibited moderate yet significant seasonal
and diurnal variability across Faridabad, as shown
in Table 1 and Figure 2. During the postmonsoon
season, the SO, concentrations ranged from 6.43
pg/m?®to 12.61 pg/m?, showing a substantial 96.1%
diurnal variation, the highest among all the seasons.
Inwinter, SO, levels ranged from 6.87 ug/m*to 11.80
pg/mé?, reflecting a 71.7% increase throughout the
day. The summer season fluctuated between 5.91
pg/m® and 10.10 pg/m?3, amounting to a 70.9%
difference. The monsoon season had the lowest
variation, with concentrations ranging from 5.64 ug/m?
to 9.31 pg/m3, indicating 65.1% variation. While
S0, concentrations stayed below national hourly
limits, the observed intraday changes point to active
emission sources and the influence of meteorological
conditions on pollutant dispersion.

Compared with those of other pollutants such as NO_
and PM, the SO, concentrations followed a gentler
diurnal pattern. Moderate peaks were observed
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during the morning hours (6:00 AM - 10:00 AM), likely
due to fuel combustion for heating and the initiation
ofindustrial operations. Smaller spikes were observed
in the evening (6:00 PM - 10:00 PM), possibly
linked to industrial shift changes and domestic
fuel usage. Unlike PM or NO , SO, did not sharply
decrease in the afternoon, indicating that it is less
influenced by photolysis and more stable in ambient
air. However, a small midday dip was recorded, likely
due to convective mixing and slight dilution from
increased solar radiation. The postmonsoon period
presented the most dynamic intraday behavior,
whereas the winter and summer periods presented
consistent patterns of moderate fluctuation.
Monsoon levels, although lowest overall, displayed
steadier values due to rainfall and wind dispersion.
The behavior of SO, is primarily determined
by combustion activities and low atmospheric
dispersion during cooler seasons. In winter, calm
wind conditions and shallow mixing layers trap SO,
near emission sources, whereas in the postmonsoon
season, increased use of fossil fuels for early
industrial restarts and stubble burning contribute to
elevated concentrations. The key sources of SO,
in Faridabad include industrial clusters that rely on
coal or oil-based furnaces, backup diesel generators,
and traffic-related fuel combustion, although the
latter is a minor contributor compared with industrial
sources. During the monsoon season, the lower SO,
concentrations can be attributed to scavenging by
rainfall and enhanced atmospheric mixing, both of
which facilitate the removal of SO, from the air. This
process helps reduce the pollutant levels, providing
some relief from the otherwise higher concentrations
observed during the drier seasons.

CO Concentration Patterns

Carbon monoxide (CO), a colorless and odorless gas
primarily emitted from the incomplete combustion
of carbon-based fuels, exhibited clear seasonal
and diurnal variations across Faridabad, as shown
in Table 1 and Figure 2. The concentration of CO
closely followed human activity cycles, particularly
traffic and domestic fuel usage, and was significantly
influenced by meteorological conditions, particularly
in winter when atmospheric stagnation was
prevalent. During winter, CO levels ranged from 1.32
mg/m? to 2.29 mg/m?, resulting in 73.5% intraday
fluctuations. During the postmonsoon period, the CO
concentration fluctuated between 1.04 mg/m® and
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1.83 mg/m?3, with a 76.0% variation, whereas during
the summer, the CO concentration ranged from 0.91
to 1.56 mg/m?, corresponding to a 71.4% intraday
change. The monsoon period had the lowest CO
concentration, ranging from 0.69 to 1.22 mg/m?, but
stillindicated a 76.8% fluctuation throughout the day.
Although CO concentrations mostly remained below
the 8-hour average permissible limit of 2.0 mg/m?3,
hourly peaks during winter occasionally exceeded
this threshold, posing localized exposure risks.

CO concentrations followed a bimodal diurnal pattern
with morning and evening peaks. The morning peak,
between 6:00 AM and 10:00 AM, coincided with high
vehicular traffic and lower combustion efficiency
during cold starts. The evening peak, between 6:00
PMand 10:00 PM, was linked to increased road traffic,
cooking activities, and industrial shift transitions. In
contrast, the afternoon period, from 12:00 PM to 4:00
PM, showed a noticeable decrease in concentration,
reflecting reduced emission intensity and improved
atmospheric mixing. The winter morning peak was
particularly sharp, likely due to poor dispersion
conditions and lower combustion efficiency in colder
engines and domestic stoves.

A seasonal comparison of CO concentrations
revealed that winter had the highest levels, with the
maximum mean value reaching 2.29 mg/m?® and a
percentage difference of 73.48%. The postmonsoon
concentrations ranged from 1.04 mg/m?*to 1.83 mg/
m3, indicating 76.00% variation, whereas the summer
levels fluctuated between 0.91 and 1.56 mg/m?,
indicating a 71.43% change. The monsoon season
recorded the lowest concentrations, varying from
0.69 to 1.22 mg/m?, but still showed 76.81% intraday
variation, suggesting the influence of peak emission
hours and varying weather conditions.

Meteorological conditions play a significant role
in CO behavior. Temperature inversions, low wind
speeds, and high humidity during the winter and
postmonsoon seasons hinder the vertical dispersion
of CO, causing even moderate emissions to resultin
elevated ground-level concentrations. The primary
sources of CO in Faridabad included private
vehicle emissions, particularly from two-wheelers
and diesel-powered autos; diesel generators used
during power shortages; biomass and coal-based
domestic cooking and heating; and agricultural
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residue burning, especially during postmonsoon
periods. During the monsoon season, heavy rainfall
and strong winds help disperse CO, leading to the
lowest seasonal concentrations.

Ozone (O,) Concentration Patterns

Ozone (0,) is a secondary pollutant formed
through photochemical reactions involving
nitrogen dioxide (NO,), nitric oxide (NO), and
volatile organic compounds(VOCs) under the
influence of solar radiation. The O, concentrations
in Faridabad, as shown in Table 1 and Figure 2,
were not directly emitted but rather shaped by the
availability of NO_ precursors and sunlight, leading
to distinct seasonal and diurnal variations.

In summer, O3 concentrations ranged from 28.64
pg/m?® to 69.48 pg/m?, exhibiting a 142.6% intraday
increase, the highest among all pollutants. During
the postmonsoon season, the concentrations ranged
from 17.38 pg/m?® to 40.29 pg/m3, representing
131.7% variation, followed by those during the
monsoon season, with concentrations ranging from
12.16 pg/m?® to 27.38 pg/m? (125.2% variation).
Winter recorded the lowest range, from 11.53 ug/m?
to 20.38 pg/m?, with a 76.8% fluctuation, reflecting
limited photochemical activity. Despite remaining
below the 1-hour average national standard of 100
pg/m3, afternoon ozone levels in summer reached
moderate health concern thresholds, especially for
sensitive groups.

Ozone concentrations displayed a distinct inverse
diurnal pattern compared with their precursors (NO,
NO,, and NO,). The morning and evening periods
(6:00 AM - 10:00 AM and 6:00 PM - 10:00 PM)
presented troughs in ozone levels, driven by the
"ozone formation" process, where fresh NO emitted
by vehicles reacts with ozone, reducing its ambient
concentration.

NO +0O,— NO,+0O,

In contrast, the afternoon peaks (12:00 PM - 4:00
PM) were due to increased photolysis of NO, under
sunlight, resulting in ozone formation through a
two-step process.

NO,+hv—>NO+O
0+0,-0,

The highest daily ozone concentrations occurred
in summer because of intense solar radiation.
Conversely, high NO_ levels in winter and reduced
sunlight suppressed ozone formation. During the
summer, ozone concentrations ranged from 28.64
pg/m? to 69.48 pg/m?, with a 142.6% fluctuation.
The postmonsoon levels ranged from 17.38 ug/m?
to 40.29 pg/m?® (131.7% variation). The monsoon
season had values between 12.16 pug/m*® and
27.38 pg/m?® (125.2% variation), whereas the winter
season had smaller fluctuations, from 11.53 pg/m?to
20.38 pg/m?, a 76.8% difference. These variations
demonstrate the complex interplay between NO,
levels and ozone formation processes.

Meteorologically, ozone behavior is influenced
by several factors. High temperatures and solar
radiation favor ozone formation during the summer
and postmonsoon seasons. NO,_ emissions from
vehicular exhaust and industrial activities serve
as precursors to ozone but also contribute to its
suppression via titration, especially in winter.
Monsoon rains help moderate precursor emissions
and photochemical activity, maintaining relatively low
ozone levels despite regional transport. Given the
secondary nature and complex chemistry of ozone,
ozone control requires a multipronged approach.
This should include targeted reduction of VOCs
emissions from sources such as solvents, paints,
and fuels, particularly during summer. Furthermore,
balanced NO_ control is essential to prevent
unintentional ozone spikes in low-VOC environments.
Real-time ozone advisories during summer afternoon
and the promotion of urban greenery can also help
lower ozone concentrations through deposition and
VOCs uptake. Ozone management in Faridabad
should be integrated into a regional photochemical
smog control framework, taking into account
transboundary precursor transport, solar intensity,
and urban emissions. Such an approach will help
mitigate ozone's negative health impacts, particularly
on vulnerable populations such as children and
individuals with respiratory conditions.

Volatile Organic Compounds (VOCs) and Other
Pollutants

The analysis of volatile organic compounds (VOCs),
including benzene, toluene, xylene, ethylbenzene,
and MP-xylene, and ammonia (NH,) revealed
substantial seasonal differences in ambient
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concentrations across Faridabad, as shown in Table
1 and Figure 2. These pollutants are emitted primarily
from vehicular exhaust, industrial emissions, fuel
evaporation, and waste decomposition, and they
play crucial roles in the formation of secondary
pollutants, such as ozone and particulate matter. The
ammonia concentrations were highest during the
postmonsoon (25.09 ug/m®) and winter (23.73 ug/m?®)
seasons. The peak hourly concentration was
observed in winter (27.15 pg/m?®), which was
attributed to limited atmospheric dispersion and
increased volatilization from urban and peri-urban
waste sources. The summer concentrations were
lower, with an average of 15.69 pg/m?*and a broader
intraday range (10.47 to 19.97 pug/m?®), which was
likely influenced by dynamic volatilization due
to temperature variations. During the monsoon,
ammonia levels remained relatively stable at 16.57
pg/m?3, benefiting from atmospheric cleansing via
precipitation.

Benzene, a known human carcinogen, presented
the highest seasonal mean during the postmonsoon
season (2.44 ug/m?), with hourly concentrations
ranging between 2.33 and 2.50 pg/mé®. During the
winter, summer, and monsoon seasons, the benzene
concentrations were relatively low, with means
of 2.08, 2.05, and 2.21 pg/m?3, respectively. This
suggests a consistent baseline contribution from
fuel combustion and solvent evaporation, with
higher stability during colder, low-wind conditions.
Toluene, an industrial solvent and a marker of
vehicular emissions, showed significant seasonal
variation. The postmonsoon season recorded the
highest mean concentration (19.35 pg/m?), with
a narrow range between 18.62 and 19.78 ug/m?,
likely reflecting accumulation due to low dispersion
and active industrial sources. The winter, summer,
and monsoon concentrations were progressively
lower (12.83 pg/m3, 12.04 ug/m?3, and 8.94 ug/m?,
respectively), which is consistent with the seasonal
patterns of ambient mixing and emission activity.
Xylene concentrations displayed a notable seasonal
inversion. Winter (2.64 pg/m®) and summer (2.54
pg/m?) presented the highest mean concentrations,
whereas monsoon levels were the lowest (2.21 ug/mq).
The summer peak likely reflects the temperature-
enhanced volatility of fuels and solvents, whereas the
winter peak corresponds to increased combustion
emissions and atmospheric stagnation. The
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postmonsoon levels were moderate (2.07 ug/m?). The
ethylbenzene levels were highest in winter (mean:
2.45 pg/m?3, maximum: 2.49 uyg/m?), which was likely
due to stable atmospheric layers and increased
urban activities. The postmonsoon and monsoon
means were 2.18 and 2.14 ug/m3, respectively.
MP-xylene peaked in summer (3.05 ug/m?3), with a
range of 3.03 to 3.08 ug/m. This trend highlights
the temperature sensitivity and photoreactive nature
of aromatic VOCs, which contribute to ozone and
secondary organic aerosol formation during hot
periods.

The concentrations of VOCs and NH, are closely
linked to both anthropogenic and meteorological
factors. Major emission sources in Faridabad
include vehicular exhaust, especially during peak
traffic hours; solvent use and industrial processes
(e.g., paints, coatings); biogenic and waste-related
NH, emissions; and fuel storage and evaporation,
particularly in high-temperature seasons. Seasonal
and diurnal variations were shaped by postmonsoon
and winter, characterized by lower mixing heights,
temperature inversions, and weak wind speeds,
which promoted pollutant accumulation. During
summer, high ambient temperatures enhance VOC
evaporation but also accelerate photodegradation,
resulting in dynamic concentration shifts throughout
the day. During the monsoon season, precipitation-
driven scavenging and strong atmospheric circulation
reduced overall concentrations but preserved a
degree of early-morning accumulation. VOCs,
particularly benzene and toluene, are linked to a wide
range of adverse health effects. Benzene exposure
is associated with hematologic disorders, including
leukemia. Toluene and xylene cause neurological
impairment, respiratory irritation, and chronic toxicity
with prolonged exposure. Ammonia, while not acutely
toxic at ambient levels, reacts with atmospheric acids
to form secondary fine particulate matter, contributing
indirectly to cardiorespiratory morbidity. Additionally,
all the VOCs evaluated contribute to tropospheric
ozone formation, particularly under high-radiation,
VOC-limited regimes observed in the summer
and postmonsoon seasons. Effective regulation of
VOCs and ammonia requires the adoption of low-
VOC solvent technologies in paint, printing, and
industrial operations; stringent vehicular emission
standards, particularly those targeting cold-start
emissions; public education on fuel handling and the
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use of household products with volatile compounds;
regulated fertilizer application with emphasis on
timing, quantity, and formulation to reduce NH,
volatilization, and the implementation of real-time
air monitoring in urban-industrial zones to flag VOCs
spikes and enforce local controls. Long-term control
strategies should integrate VOCs and NH, emissions
into ozone and PM, . management plans, especially
given their role in secondary pollution formation.

Correlation Matrix and Inter-Pollutant Dynamics
The correlation analysis consistently revealed strong
relationships between primary pollutants originating
from combustion and resuspension sources, as
shown in Figure 3. Across all four seasons, PM,
and PM,, demonstrated robust and statistically
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significant correlations (r > 0.88), confirming their
shared origins in vehicular emissions, construction
dust, road resuspension, and industrial combustion.
These associations were strongest during the
winter and postmonsoon seasons, where limited
dispersion and frequent inversions contributed to
pollutant accumulation near the ground. Similarly,
NO, NO,, and NO_ showed very strong mutual
correlations (r > 0.90), reflecting their common
emission pathways, primarily from motor vehicles
and industrial fuel burning. CO, another byproduct
of incomplete combustion, exhibited a strong
correlation with NO , particularly during winter (r=0.85)
and postmonsoon, further underscoring traffic
emissions as a dominant source during periods of
low atmospheric mixing.
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Fig. 3: Correlation heatmap of various pollutants during different seasons.

Unlike the primary pollutants, O, displayed a
seasonally dependent, inverse relationship with its
precursors, particularly NO,. This dynamic was most

pronounced in the summer (r = —0.63) and post-
monsoon (r = —0.52) seasons, when high solar
radiation facilitates the photolysis of NO,, producing
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ozone as a secondary pollutant. During these seasons,
lower ambient NO concentrations in the afternoon
reduce the titration effect, allowing ozone levels to
rise. Conversely, in winter, the abundance of NO
combined with weaker sunlight limits photochemical
activity, leading to a reduced inverse correlation
(r = —=0.36). These patterns align with the photo-
stationary state theory, highlighting ozone's
dependence not only on precursor emissions but
also on solar intensity and atmospheric chemistry.

VOCs, such as benzene, toluene, xylene (BTX),
ethylbenzene, and MP-xylene, had high interco-
rrelations (r = 0.70-0.91), which suggests that they
share similar sources of emissions, such as auto-
mobile exhaust, fuel evaporation, solvent use,
and industrial processes. These relationships
were consistently high throughout the seasons,
with the highest values occurring in the winter and
postmonsoon seasons, when emissions prevail in
stable and cool air. Most interestingly, in summer,
some VOCs, particularly toluene and xylene, also
presented moderate positive correlations with ozone
levels (r=0.35-0.42), indicating their participation in
the formation of photochemical ozone under strong
solar radiation. This highlights the importance of
VOCs as toxic air pollutants as well as intermediates
in the formation of secondary pollutants via
photochemical smog formation.

Among the gaseous precursors to secondary
particulate matter, SO, and NH_showed more
moderate and seasonally variable associations with
other pollutants. SO, was moderately correlated with
NO, during the winter and postmonsoon seasons
(r = 0.45-0.61), reflecting their joint emission from
industrial fuel combustion and thermal power
generation. Moreover, NH_exhibited weak to
moderate positive correlations with PM, . during the
postmonsoon season and summer (r = 0.29-0.36),
which is consistent with its role in the formation
of ammonium nitrate and sulfate aerosols. However,
its relatively weak overall correlations suggest that
NH, contributions to particulate matter may be
spatially or temporally decoupled or influenced by
localized emission sources such as agriculture,
sewage, and municipal waste.

The correlation matrices demonstrate that pollutant
interrelationships are not static but vary significantly
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by season in response to meteorological conditions
and source activity."*®" During winter, stable
atmospheric conditions lead to widespread pollutant
accumulation and stronger correlations among
combustion-related emissions. In summer, when
dispersion increases, enhanced photochemistry
strengthens the link between VOCs and ozone.
Owing to its high humidity and rainfall, the monsoon
season generally has weak correlations, except for
PM, .~PM,,, which remain tightly linked because
of consistent resuspension processes between
wet intervals. The postmonsoon season, which is
influenced by regional biomass burning and light
winds, presents a unique mix of elevated primary
emissions and emerging photochemical activity,
leading to distinctive correlation structures. The
observed inter-pollutant dynamics have direct
implications for air quality management in Faridabad.
The strong correlations among combustion-related
pollutants (PM, ,, PM,;, NO,, and CO) suggest that
targeted vehicle and industrial emission control
policies could yield substantial co-benefits. However,
the complex relationships among ozone, NO , and
VOCs highlight the need for seasonally adaptive
and chemically informed strategies. For example,
summer ozone mitigation requires simultaneous
VOCs and NO, reductions, whereas winter strategies
may prioritize NO, control to suppress ozone titration
and reduce PM, ; formation. Additionally, the high
mutual correlation among VOCs suggests that
regulating specific volatile compounds, such as
toluene or xylene, could have broader benefits across
the VOC family. Finally, addressing NH, and SO,
emissions, particularly from agriculture and industry,
is essential for the long-term control of secondary
aerosols and their health impacts. These insights
underscore the need for a multipollutant, multi-
seasonal policy framework tailored to the unique
chemical and meteorological context of urban India.

Comparison with National and Who Air Quality
Standards

Acomparison of the observed pollutant concentrations
in Faridabad with the air quality thresholds defined by
the National Ambient Air Quality Standards (NAAQS,
CPCB, India) and the World Health Organization’s
Global Air Quality Guidelines (2021) reveals
significant exceedances for several key pollutants,
particularly during the winter and postmonsoon
seasons. While the Indian NAAQS is relatively
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lenient and reflects socioeconomic considerations,
the WHO’s revised 2021 guidelines are stricter and
are based purely on health criteria.

For PM, , the Indian 24-hour standard is 60 pg/m3,
whereas the WHO guideline is 15 pg/m?. During the
winter season, the hourly PM, . concentrations in
Faridabad routinely exceeded 170 pug/m?, far above
both benchmarks. Similar patterns were observed
for PM,,, where the observed values reached 271.5
pg/m?3, compared with the NAAQS limit of 100 pg/m?®
and the WHO's tighter guideline of 45 pg/m®. NO,
and 80, levels remained within Indian limits but
still exceeded WHO recommendations during
peak hours, particularly in colder months. CO
concentrations occasionally crossed the WHO
8-hour standard of 4 mg/m?, although they generally
remained within the Indian threshold of 2 mg/m? for
1-hour averages. Ozone values, while below the
Indian limit of 100 pg/m?3, regularly surpassed the
WHQO’s recommended 8-hour maximum of 60 ug/
m?® during summer afternoons. CO values remain
within the WHO’s 8-hour limit for most hours but may
exceed it during peak winter episodes, especially in
traffic-dense zones.

These findings indicate that PM,, and PM,, are
regularly in violation of both national and international
standards, clearly indicating how critical they are in
the air quality burden of Faridabad. Ozone and
NO, exceedances concerning WHO levels indicate
potentiallong-term healthrisks evenifthe national levels
are satisfied. The difference between conforming to
national regulations and more health-based global
standards, such as these, has implications for India’s
air quality benchmarks, especially in high-risk urban
locations such as Faridabad.

PM, /PM, ratio: Implications for source
Identification

The PM, /PM, ratio serves as a diagnostic indicator
for understanding the composition and origin of
airborne particulates. A higher ratio suggests a
greater contribution of fine particles, which are
typically associated with combustion sources such as
vehicular emissions, biomass burning, and industrial
processes. In contrast, a lower ratio indicates a
greater presence of coarse particles, often resulting
from resuspended road dust, construction activity,
or natural sources such as soil and dust storms.
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In the context of Faridabad, the PM, /PM, ratio
varies seasonally, reflecting the dynamic influence
of meteorology and emission sources. On the basis
of the seasonal average concentrations.

* Inwinter, the ratio was 0.63 (PM, ., mean: 171.85
pg/m®; PM,, mean: 271.48 ug/m?), indicating
fine particulate dominance, which is consistent
with low-temperature combustion and stagnant
dispersion conditions.

. During the postmonsoon season, the ratio was
0.52 (PM, : 114.73 ug/m?, PM, : 222.62 pg/m?),
reflecting elevated combustion-related PM,
likely from agricultural residue burning in nearby
regions.

. The summer season had a lower ratio of 0.57,
with higher coarse particle contributions
attributed to resuspension and construction
dust, alongside high temperatures that support
the dispersion of finer particles.

*  The monsoon season presented the lowest ratio
at 0.53, largely because of the dominance of
coarse-mode particles during intermittent dry
spells and the washout effect of rainfall, which
more effectively removes finer particles from
the atmosphere.

A PM, /PM, ratio greater than 0.5, as observed in
all four seasons, implies a significant presence of
combustion-derived fine particulates in Faridabad's
atmosphere. The highest ratio in winter corroborates
the dominance of traffic and household heating
emissions under inversion conditions.®"'® The
slightly reduced ratios in the postmonsoon season
and summer indicate a mixed influence of combustion
and mechanical sources such as dust and soil
resuspension.

These findings are consistent with previous urban
air quality assessments in northern India, where
PM, /PM, ratios between 0.5 and 0.7 have been
documented as typical of urban-industrial
environments with dense vehicular activity.3'® The
persistence of high fine particle fractions across all
seasons in Faridabad highlights the critical need
for targeted regulation of fine particulate sources,
particularly vehicular and biomass combustion.
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Health Implications of Air Pollution and Policy
Recommendations for Faridabad

Air pollution in Faridabad, driven by traffic emissions,
industrial discharge, and agricultural residue
burning, poses significant health risks, particularly
during high-concentration periods. The seasonal
and diurnal fluctuations in pollutants such as
PM,,, PM,;, NO,, 8O,, CO, and O,, as observed
in this study, reveal acute exposure times that
exacerbate public health conditions.®'”'® The
highest concentrations of PM, , observed during
the winter and postmonsoon seasons are notably
linked to respiratory diseases, cardiovascular
issues, and long-term health risks,' with levels
frequently surpassing the NAAQS and WHO
guidelines. Prolonged exposure to high levels of fine
particulate matter and nitrogen oxides increases the
risk of asthma,' lung cancer,?® and other chronic
respiratory conditions.?' Furthermore, ozone, a
secondary pollutant, although not emitted directly,
poses a substantial risk to lung health, particularly
for vulnerable populations such as children,
elderly individuals, and those with preexisting
respiratory conditions.®?? On the basis of WHO
2021 exposure—response functions, the observed
PM, . levels in Faridabad could contribute to an
estimated 10-15% increase in annual all-cause
mortality risk, assuming population-wide chronic
exposure above 100 pg/m?. Short-term spikes above
150 pg/m3, as recorded in winter mornings, are also
associated with an increased incidence of respiratory
hospital admissions, particularly among children
and elderly individuals. These health burdens are
consistent with findings from Delhi, Kanpur, and Patna,
where elevated PM, , exposure is correlated with
excess mortality estimates ranging from 12,000-
25,000 deaths per year."”19.22

Key Policy Recommendations

Traffic Control Measures

Time-bound restrictions, such as odd—even vehicle
schemes and congestion pricing, are implemented
during peak pollution periods to reduce vehicular
emissions, especially in the winter and postmonsoon
seasons.

Promotion of Electric Mobility

Encouraging the shift to electric vehicles and
enhancing public transportation infrastructure to
reduce emissions from diesel-powered vehicles.

Stricter Emission Standards

Enforce stringent regulations on diesel generators,
industrial activities, and the use of fossil fuels in
industries, particularly during high-pollution seasons.

Regional Coordination on Agricultural Residue
Burning

Strengthening cross-border cooperation with
neighboring states to regulate and reduce crop
burning, which contributes significantly to seasonal
air pollution.

Public Awareness Campaigns

Launch initiatives to educate the public about the
health risks of air pollution and encourage changes
in behavior, such as reduced use of private vehicles,
cleaner cooking methods, and avoidance of open
waste burning.

Integrated Air Quality Monitoring

Expanding the network of real-time monitoring
stations and issuing timely alerts during peak pollution
periods to safeguard vulnerable populations.

The air pollution challenge in Faridabad demands a full
range of project(s) that address city-specific diurnal
and seasonal pollution patterns. These actions,
combined with work across regions, air quality
monitoring, and engagement with our community,
reduce a city’s exposure to harmful pollutants and
help protect the people within the city. This study
reveals the substantial seasonal and diurnal
variations in air pollutant concentrations in Faridabad,
atmospheric PM, . and PM, , with monotonically
increasing peaks in winter and postmonsoon
durations. These spikes are largely due to automotive
pollution, industrial activities, and the clearing of
agricultural residues, all of which increase in the
cooler season. PM, ; ug/m® in winter, more than
double those prescribed by the Indian NAAQS
and WHO, and finally indicating substantial heavy
pollution in the city. The results highlight the seasonal
variability in air quality and highlight the importance
of adopting season-specific policies for protection
from prolonged exposure to particulate matter. The
study also revealed marked diurnal changes in
pollutant concentrations, with peaks in the morning
and evening for PM, ., NO,, and CO, which are
associated with emissions under traffic conditions,
followed by afternoon minima due to enhanced
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photolysis and atmospheric scattering. Strong
correlations between PM,,, PM,;, NO , and CO
indicate that combustion sources are the major
sources of fine particles. The PM, /PM,, ratio
(ranging from 0.52 to 0.63) further supports this
attribution, with higher values indicating that fine
particles, often from combustion and biomass
burning, dominate the particulate load in the region.
The positive correlation between PM,, and NO,
is particularly striking, underscoring the role of
vehicular emissions in fine particulate pollution
during high-traffic hours, particularly in winter and
postmonsoon hours, when stagnant atmospheric
conditions limit pollutant dispersion. Ozone, on the
other hand, showed an inverse relationship with NO ,
particularly in the summer and postmonsoon
seasons, confirming the NO _ titration effect in urban
environments. The inverse correlation suggests
that, while NO_emissions contribute to ozone
formation through photochemical reactions, high NO,
concentrations during rush hours and colder seasons
inhibit this process, leading to reduced ozone levels.
Several recent investigations across Indian urban
centers echo the temporal pollution dynamics
documented in this study, particularly concerning the
diurnal and seasonal behavior of PM, ., NO ,and O,,"
highlighted how PM, . concentrations in Delhiare highly
responsive to wind speed and direction, with morning
and evening peaks driven by poor dispersion during
thermal inversions, closely mirroring the bimodal
patterns observed in Faridabad. These trends further
underscore the role of meteorological suppression
during the winter and postmonsoon seasons.
Similarly, Krishnaveni?® provided a comparative
analysis across urban and rural sites in India, which
revealed strong correlations between O, levels and
NO, under solar-driven photochemical regimes. Their
work emphasized that ozone’s inverse relationship
with NO_ is especially pronounced in summer,
aligning with their findings of afternoon O, peaks
and suppressed morning levels due to titration.
This photostationary behavior, which is dependent
on precursor availability and radiation, was also
noted by Yadav,?* who observed consistent O, build-
up during midday hours across urban regimes and
reported that short-term exposure to PM, and O,
jointly elevated health risks. Expanding on NCR-
specific evidence, Bhadauria® analyzed Gurugram'’s
pollution profile and reported hourly pollutant cycles
nearly identical to those reported by Faridabad, with
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PM and NO, peaks tied to commuting and industrial
shifts. These findings support the conclusion that
emission sources and meteorological stagnation
work synergistically to amplify diurnal pollution.
Additionally, Suthar?® reported similar seasonal
and hourly behaviors in Bengaluru, validating the
universality of such dynamics across Indian metros
while warning that pollution routinely exceeds both
the NAAQS and WHO thresholds, particularly in the
postmonsoon season and winter.

The high correlation between combustion-based
pollutants (PM, ., NO,, and CO) and the inverse trend
of O, confirms the photochemical and dispersion-
related mechanisms. These results strengthen
the case for targeted, time-sensitive policies,
including restrictions during peak hours, seasonal
crop-burning coordination, and dynamic air quality
governance rooted in real-time meteorological data.
A critical aspect of this study is the comparison
of observed pollutant concentrations with national
and international air quality standards. The findings
revealed that the PM, . and PM,  concentrations
consistently exceeded the Indian NAAQS and
WHO guidelines, especially during the winter and
postmonsoon seasons. For example, the PM, , levels
during winter (ranging from 101.74 to 171.85 pug/m?®)
were almost three times higher than the Indian
limit of 60 pg/m*®* and more than ten times the
WHO guideline of 15 pyg/m?3. Similarly, ozone levels
frequently exceeded the WHO's 8-hour guideline of
60 pg/m3, although they remained within the Indian
NAAQS limit of 100 pyg/m?. These exceedances point
to the limitations of the NAAQS in protecting public
health, particularly in urban areas where pollution
levels regularly surpass global safety thresholds.
The persistent exceedance of both the PM,, and
ozone levels, despite compliance with Indian
standards, indicates a disparity between national
regulations and the health risks associated with air
pollution. This gap reflects the need for stronger
and more comprehensive air quality standards,
particularly those aligned with the WHO’s health-
based recommendations, to mitigate long-term
health impacts in highly polluted urban environments
such as Faridabad. These findings underscore the
need for multipollutant, time-sensitive interventions
tailored to the seasonal and diurnal variability of
pollutants.
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Although the present study provides significant
findings regarding the air pollution dynamics in
Faridabad, several limitations need to be addressed.
First, the analysis was based on measurements
made at the monitoring station only, which may
not represent the entire spatial variability of the
concentration of pollutants in the city. In the future,
the monitoring network may also be extended
to other sites for different land-use types (e.g.,
residential, industrial, and agricultural areas). While
the study provides high-resolution temporal insights,
several limitations must be acknowledged. First, the
analysis is based on data from 4 monitoring stations,
which may not capture microspatial variability across
Faridabad. Second, VOCs data were limited to a few
species and lacked continuous hourly records, which
restricted their integration into ozone modeling.
Third, satellite-based fire detection is subject to cloud
interference, potentially underestimating the intensity
or timing of burning events. Finally, missing values
(although <5%) were interpolated via linear methods,
which may smooth out some sharp pollution events.
Future studies should integrate multi-station data,
incorporate health surveillance datasets, and apply
source-apportionment tools to increase attribution
accuracy.

Discussion

The present study provides a high-resolution
temporal assessment of air pollution dynamics
in Faridabad, an industrializing NCR city with
complex urban and regional emission sources. Our
analysis of hourly and seasonal pollutant patterns,
spanning PM, ., PM, ;, NO,, CO, 80,, O,, VOCs, and
NH,, reveals marked temporal variability shaped
by anthropogenic activity and meteorological
conditions. These results reinforce the importance of
targeted air quality interventions aligned with specific
times of day and seasons. The fine particulate matter
(PM, ) concentration consistently exceeded both
the NAAQS and the WHO guidelines, particularly
during the winter and postmonsoon seasons. The
PM, /PM, ratio ranged from 0.52 to 0.63 across
seasons, suggesting that combustion sources
such as vehicular emissions, biomass burning, and
industrial activity were the dominant contributors.
The elevated winter concentrations are largely
attributable to stagnant meteorological conditions,
low wind speeds, temperature inversions, and
shallow boundary layers, which trap pollutants near

the surface. In contrast, the improved dispersion and
washout processes during the monsoon season
yielded relatively cleaner air, although transient
peaks persisted during nonrainfall intervals. NO_
and CO followed bimodal diurnal trends, with
peaks during the morning and evening rush hours,
underscoring the contribution of vehicular emissions.
Strong correlations among PM, ,, PM, , NO,, and CO
(r > 0.85) further validate their shared combustion
origin. CO levels were especially concerning during
winter mornings, often nearing or exceeding the
WHO 8-hour threshold in densely trafficked zones.
Ozone dynamics contrast with those of primary
pollutants, exhibiting afternoon maxima, particularly
in summer, due to photochemical formation under
high solar radiation. Its inverse correlation with NO_
(r=-0.63 in summer) aligns with titration theory and
highlights the dual role of NO, as both a precursor and
a scavenger of O,. This seasonal NO -O, interplay
illustrates the necessity for differentiated ozone
management strategies on the basis of precursor
availability and sunlight intensity. VOCs, including
benzene, toluene, and xylene, showed seasonally
elevated concentrations during the postmonsoon
season and winter. Their positive correlation with
ozone during high-radiation periods (r = 0.35-0.42)
underscores their photochemical reactivity. Notably,
ambient benzene levels remain within Indian
limits but pose chronic health risks, given their
carcinogenicity, especially under sustained exposure
in winter. Ammonia concentrations peaked in
the postmonsoon and winter seasons, likely
because of fertilizer volatilization and urban waste
emissions. Although not acutely toxic, the role of
NH, in secondary aerosol formation makes it a
critical contributor to PM,  levels, particularly under
cool, stagnant conditions. Critically, the majority of
monitored pollutants, particularly PM, ,, PM,, and
ozone, exceeded the WHO health-based thresholds
during at least one season. These findings reflect the
inadequacy of India’s current air quality standards
in mitigating health risks in high-burden cities such
as Faridabad. Moreover, the dynamic pollutant
behavior across time underscores the limitations of
static, annual average-based policy interventions.
The results of this study corroborate earlier studies
across the Indo-Gangetic Plain that emphasized
the interplay between urban emissions, regional
transport (e.g., stubble burning), and meteorological
suppression. Similar pollutant cycles have been
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documented in Delhi, Gurugram, and Bengaluru,
confirming the universality of the diurnal “double
peak” in the PM,, and NO,_ concentrations.
This study contributes to air quality policy by
highlighting the need for real-time, location-specific
mitigation strategies. For example, peak-hour traffic
restrictions, staggered industrial operations, and
alerts during postmonsoon crop burning events
could significantly reduce acute exposure. Moreover,
the correlation heatmap offers actionable insights
for coregulation, interventions targeting combustion
sources may yield cobenefits across PM, NO , CO,
and VOCs simultaneously. Nonetheless, some
limitations persist. Spatial resolution was constrained
by reliance on single-station monitoring; expanding
the sensor network to capture intracity variability
across industrial, residential, and peri-urban zones
would increase representativeness. Further
integration of satellite-based fire data and low-cost
sensors could enrich temporal and spatial coverage,
whereas health surveillance data could substantiate
exposure—disease linkages.

Conclusion

This study presents a detailed analysis of the diurnal
and seasonal variations in air pollution in Faridabad,
focusing on key pollutants such as PM, ., PM, ;, NO,
80,, CO, O,, NH,, and VOCs. The findings revealed
that the air quality in Faridabad deteriorated
significantly during the winter and postmonsoon
periods, primarily due to a combination of vehicular
emissions, industrial activity, regional agricultural
residue burning, and adverse meteorological
conditions that limit pollutant dispersion. The diurnal
analysis highlights distinct morning and evening
peaks for primary pollutants such as PM,,, PM,,
NO_, and CO, which correlate with traffic rush hours
and domestic heating. In contrast, O3 concentrations
peak during the afternoon, driven by photochemical
reactions involving NO_and VOCs. Quantitative
data indicate that PM, . levels consistently exceed
the national permissible limits, especially during
winter, when concentrations approach 170 pg/
m?, far surpassing the Indian NAAQS and WHO
health-based guidelines. The study also underscores
the dominance of fine particulate pollution (PM, )
over coarse particulate matter (PM, ), with a
PM, ./PM, ratio above 0.5 across all seasons,
indicating that combustion-related activities,
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including vehicular emissions and biomass burning,
are major sources of particulate pollution. While
S0, and CO concentrations largely remained within
Indian standards, ozone levels frequently exceeded
the WHO’s recommended thresholds, particularly
during summer afternoons, revealing the ongoing
challenge of managing secondary pollutants. The
correlation analysis further established that PM,
NO , and CO are closely linked, primarily through
combustion sources, whereas the formation of O,
is governed by complex interactions between NO_
and VOCs, modulated by solar radiation. NH, and
S0, although not primary pollutants, contribute
to secondary aerosol formation, especially during
the cooler months. The findings emphasize the
complexity and seasonal dynamics of air pollution in
Faridabad. The city’s air quality challenges are not
limited to a single pollutant or emission source but
are shaped by a combination of urban emissions,
meteorological conditions, and regional agricultural
practices. Addressing these issues requires targeted,
multipollutant strategies that consider both primary
and secondary pollutant control while also accounting
for seasonal and diurnal variations. In conclusion,
improving air quality in Faridabad demands a
comprehensive, multisectoral approach that includes
stricter regulations on emissions from vehicles,
industrial units, and biomass burning, as well as
increased public awareness and community engage-
ment. Time-sensitive interventions, such as traffic
restrictions, low-emission zones, and real-time air
quality monitoring, are essential to mitigate exposure
during peak pollution periods. Furthermore, aligning
India’s air quality standards with more stringent
WHO guidelines will help safeguard public health.
Effective air quality management requires ongoing
collaboration among government authorities,
industries, and the public to implement sustainable
and impactful solutions.
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