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ABSTRACT. This study presents a Raman spectroscopic investigation of total suspended particles (TSP) collected
from Wadia Institute of Himalayan Geology, Dehradun Campus, during the COVID-19 lockdown period (April to
September 2020). The lockdown created a rare low-emission atmospheric condition, offering an ideal opportunity to
examine the chemical nature of ambient aerosols in the absence of usual anthropogenic interference. Raman micro-
spectroscopy was used to analyze the Polytetrafluoroethylene (PTFE) filter strip of aethalometer AE51, providing
molecular-level insights into their carbonaceous and organic composition. Spectra collected during the pre-monsoon
months (April-May) were dominated by well-resolved D (~1350 cm™) and G (~1580 cm™) bands, indicating the presence
of disordered and graphitic black carbon (BC) from combustion sources. In contrast, spectra from the monsoon months
(June-August) exhibited broadened bands with enhanced contributions from oxygenated and aliphatic organic compounds,
as evidenced by peaks in the 1700-3100 cm™ range. These features reflect secondary organic aerosol (SOA) formation
through aqueous-phase and photochemical aging processes under high humidity. By September, the onset of post-monsoon
conditions led to a resurgence of combustion-derived carbon signatures, mixed with aged oxidized organics. The Raman
spectral evolution across seasons reveals the influence of meteorology and emission dynamics on aerosol composition. Pre-
monsoon aerosols were dominated by primary BC, monsoon aerosols by aged organics, and post-monsoon aerosols by a
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combination of both. This work highlights the utility of Raman spectroscopy for molecular fingerprinting of aerosols and
provides a seasonal reference for understanding aerosol aging and source transformation processes in the Himalayan

foothills.

Key words — Atmospheric aerosols, Black carbon, Raman spectroscopy, COVID-19.

1. Introduction

Aerosol particles are essential components of the
atmosphere that influence both climate and human health
(Pdschl, 2005). The sources of these airborne particles, i.e.,
aerosols, are diverse and include both natural (soil dust, sea
spray, volcanic emissions, and biogenic activities) and
man-made (fossil fuel combustion, vehicle emissions,
industrial processes, and biomass burning) activities
(Perumpully & Gautam, 2024) and references therein. The
airborne particles can travel to great distances, interact with
atmospheric constituents, and can change chemical
composition once they are suspended in the atmosphere
(Chinetal., 2015). The environment and public health may
be seriously threatened by the complex mixture of organic
compounds, inorganic salts, transition metals, and
carbonaceous particles like black carbon (BC) and organic
carbon (OC) that are frequently carried by aerosols,
hazardous are trace metals such as cadmium (Cd), lead (Pb)
and zinc (Zn), which are known to have toxic effects even
at low concentrations and to contribute to oxidative stress,
respiratory inflammation, and long-term systemic health
problems. (Jacobson & Hansson, 2000) and references
therein.

Fine particulate matter (PM2.5 and smaller or PM) is
of particular concern because it has the ability to penetrate
deep into the respiratory tract and can easily enter the
bloodstream, leading to cardiovascular, neurological, and
pulmonary diseases (Sangkham et al., 2024) and references
therein. In addition to their effects on human health,
aerosols participate in heterogeneous chemical reactions,
modify cloud microphysics, and can affect the Earth’s
radiative balance by absorbing and scattering solar
radiation. (Buckner et al., 2016; S et al., 2013). In the
ecologically delicate area such as the Himalayan region,
these effects are intensified and can result in changes to
regional snow darkening, hydrological cycles and glacier
retreat (Ramachandran et al., 2023; Sharma et al., 2022).

Carbonaceous aerosols, made up of a significant
fraction of atmospheric PM, include elemental and organic
carbon. These particles are considered the most crucial for
surface-atmosphere energy interactions, light absorption
and cloud condensation. They are essential indicators for
tracking emissions from combustion sources like diesel
engines, coal burning, and biomass use because of their
unigue and specific optical characteristics (Contini et al.,
2018; Ramachandran et al., 2023; Sharma et al., 2022; Yan
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et al., 2019). For optical observation-based reporting of
BC, equivalent black carbon (eBC) is used (Petzold et al.,
2013; Watson et al., 2005). While eBC measures the total
amount of refractory carbon, graphitic soot particularly
refers to particles of structurally organized carbon that
exhibit enhanced light absorption and distinct aging
characteristics. (Sadezky et al., 2005).

Aerosol pollution in climate-sensitive and densely
populated areas like the Himalayan Doon Valley raises
serious environmental and health concerns, especially
considering the lack of instrumental air monitoring
networks in the area. Utilizing the Microaeth AE51
instrument, the ambient aerosol samples were collected for
this investigation (Cheng & Lin, 2013). Advanced Raman
spectroscopy (RS) of carbonaceous particles gathered on
Teflon filter strips was used to carefully analyze the
structural characteristics and chemical signature of
suspended carbon materials. ldentifying characteristic
peaks via RS improves knowledge of particle behaviors and
environmental effects (Doughty & Hill, 2020; Estefany et
al., 2023). This in-situ chemical characterization is
essential for identifying the monthly and seasonal
fluctuations in particle composition, particularly in areas
like Dehradun, where pollution problems are escalating due
to growing urbanization (Ferrari & Robertson, 2000; Ivleva
et al., 2007; Long, 2004). This thorough approach to air
quality monitoring emphasizes the necessity of continuing
studies to address the negative effects of pollution on the
environment and human health in areas like Dehradun that
are fast becoming more urbanized. This study uses rigorous
statistical technigques, such as ANOVA, to give strong
evidence of temporal fluctuations, which aids in identifying
the sources of pollutants and clarifying their effects on the
environment and public health. The main objective of this
study is to provide a thorough investigation of the chemical
makeup and evolution of aerosols in the Doon Valley. This
will help to establish the scientific foundation for policy
interventions aimed at managing air quality and protecting
the environment in the foothills of the Himalaya.

2. Data and methodology

2.1. Study area

Dehradun, the capital of the Indian state
of Uttarakhand, is located in the Doon Valley along
the Himalayan foothills, between the Siwalik Hills to
the south and the Lesser Himalaya to the north, forming a
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Fig. 1. Aerial view of Doon valley and its vicinity (dotted yellow lines represent the Dehradun city
boundaries), the inset image represents the sampling area

valley that is ideal for urban growth and settlements
(Panikkar & Subramanyan, 1996; Sinha & Sinha, 2016).
Fig. 1 depicts the aerial view of Doon Valley, and the inset
image shows the study area.

The city has a population of approximately 1.2
million, and it has experienced rapid urbanization and
industrial growth that has resulted in a considerable
increase in atmospheric pollutants from different sources
like transportation, industrial, domestic, and construction
activities (Government of Uttarakhand, 2018; Deep et al.,
2019; Dhankar et al., 2024). Its valley setting often traps
pollutants, causing severe degradation of air quality,
especially from late October through winter. Major outdoor
air pollutants include aerosols and hazardous gases from
diverse anthropogenic sources, while indoor air pollution is
largely attributed to the burning of biomass, waste, and coal
(Pandey & Negi, 2022). During the COVID-19 lockdown,
the significant reduction in human activities provided a rare
opportunity to conduct chemical characterization of Total
Suspended Particles (TSPs) under minimal anthropogenic
influence. This study was conducted at the WIHG campus
located in Dehradun. Although the observations were made
in a clean setting within the institute’s premises, the
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premises itself is located in the city Centre, surrounded by
dense human settlement and heavy traffic.

2.2. Climate and meteorology

Doon Valley exhibits a temperate climate with
significant seasonal variations influenced by its
topography, where winters are relatively cold
(5.2-23.4 °C) and summers can reach up to 44 °C
during brief heatwave periods. (Singh et al., 2013)
documented a notable warming trend  with
annual temperatures increasing by 0.38 - 0.49 °C
between 1967 and 2007, and increased rapidly
since Dehradun became Uttarakhand's capital. Rainfall
is predominantly concentrated during monsoon
months  (June-September), with July-August being
the wettest, while the city's climatic variability
is highlighted by elevation differences and proximity to
the high-altitude Mussoorie hills (Piyoosh & Ghosh, 2016).
Recent analyses reveal contrasting temperature trends with
monsoon maximum temperatures declining by 1.99 °C
(1981-2023), while post-monsoon minimum temperatures
have risen by 2.85 °C during the same period (Mani, A;
Kumari, M.; Badola, 2024).
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Figs. 2(a&b). Raman spectra of blank AE51 filter tape showing characteristic peaks of polytetrafluoroethylene (PTFE) and minor background

features

2.3. Data acquisition

The AE-51 is conventionally used for real-time BC
monitoring via optical attenuation at 880 nm; it functioned
exclusively as a reliable field sampler due to its compact
design, integrated pump, and flow stabilization system
operating at 100 ml min™' (Cheng & Lin, 2013; Sedlacek,
2016). Although this instrument is primarily used for
optical characterization of BC aerosols, in this study it was
used as a particulate sampler due to its chemically inert
Teflon filter medium, stable flow control and low Raman
background interference (Watson et al., 1998). Sampling
was conducted from April to September 2020,
encompassing pre-monsoon and monsoon periods. RS
measurements were performed at the WIHG, Dehradun,
using the LabRAM HR Raman spectrometer (Horiba Jobin
Yvon), equipped with a 532 nm argon-ion laser and a CCD
detector cooled to —70°C to enhance sensitivity. The
spectrometer was calibrated using synthetic silica
(520.5 cm™) and graphite standards, while laser exposure
times (1-150s) and power were carefully adjusted to
prevent sample degradation. A laser spot diameter of ~2 pm
enabled analysis of fine particulate structures, and spectral
resolution was achieved using a grating of 600
grooves/mm, suitable for resolving key Raman-active
modes in carbonaceous and mineral particles. RS has been
widely used to characterize the chemical fingerprints of
soot, mineral dust, and organic compounds in ambient
aerosols (lvleva et al., 2007; Sobanska et al., 2014). Its high
specificity to molecular structure allows detailed analysis
of complex TSP matrices, aiding in the interpretation of
aerosol sources and transformation processes under
different environmental conditions, such as those
encountered during the COVID-19 lockdown (lvleva et al.,
2007; Rao, 1978; Sobanska et al., 2014).
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3. Result and analysis

Atmospheric aerosols are complex mixtures of solid
and liquid particles suspended in the air, playing a
significant role in air quality, climate forcing, and human
health (Sadezky et al., 2005). Among these, BC, a primary
component of combustion-derived aerosols, is particularly
important due to its strong light-absorbing properties and
influence on radiative balance (Bond et al.,, 2013).
Understanding the chemical and structural characteristics
of such aerosols is essential for evaluating their
atmospheric behavior and climate impact (Shrivas &
Pandey, 2024). RS is a powerful method to understand the
molecular  composition of  aerosols, particularly
distinguishing between disordered, amorphous and
graphitic carbon and identifying oxidized organic species
(Ivleva et al., 2007; Sadezky et al., 2005). The results
presented here provide spectral insights into the monthly
variability in aerosol composition during the COVID-19
lockdown period, with emphasis on carbonaceous content
and its chemical evolution.

3.1. Blank filter

The RS of the blank AE51 filter tape (Figs. 2 (a&b)),
mainly composed of Teflon-coated borosilicate glass fiber
(T60), reveals sharp vibrational characteristics
corresponding to the materials used in the filter substrate.
The most prominent peak observed around 743 cm™
corresponds to the bending vibrations of CF2 groups, which
is a characteristic feature of PTFE, commonly known as
Teflon (Asrafali et al., 2024). This aligns with previously
reported Raman spectra on fluoropolymers, where strong
and sharp peaks in this region are attributed to symmetric
CF. deformations (Li etal., 2018; Zhou etal., 2014).
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Fig. 3. Overlay of blank (substrate) vs sample Raman shift spectra depicting negligible substrate

contributions to the sample peaks

A feature in the range of 1235-1390 cm™! is also visible and
can be attributed to asymmetric stretching vibrations of the
CF: units in the Teflon structure. These vibrations are
innate to the polymer backbone and act as spectral
signatures for PTFE.

Furthermore, the less intense peaks between 1320 and
1465 cm™ may arise from minor surface contaminants or
weak Raman signals from the underlying borosilicate glass
fiber. The borosilicate matrix, primarily composed of SiOz,
can exhibit weak and broad Raman bands due to Si—O-Si
bending vibrations, often appearing in this spectral region
(Mcmillan & Wolf, 1990; McMillan & Piriou, 1983). A
notable peak around 1725 cm™ could indicate the presence
of trace organic compounds such as carbonyl-containing
groups (e.g., esters or ketones), possibly introduced during
the filter manufacturing or handling process. Furthermore,
weak bands near 2145 cm™ and in the high wavenumber
region (26002900 cm™) may arise from overtones or
combinations, or from  marginal  hydrocarbon
contamination. Such background spectral characterization
is essential to distinguish between filter-originated signals
and those from actual aerosol particle constituents when
performing micro-Raman analysis of ambient samples.

As seen in Fig. 3, the overlay of blank substrate (red
dashed line) and aerosol sample (blue solid line) RS clearly
demonstrates that the intense D and G bands at ~1500-1600
cm™ and the broad organic features at ~2500-3000 cm™
originate entirely from the collected aerosol particles rather
than the filter substrate. The blank spectrum shows only a
minimal background signal with negligible intensity
compared to the sample, confirming that all major spectral
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features  represent genuine atmospheric  aerosol
components. This comparison validates that the observed
carbonaceous and organic signatures are not artifacts from
the Teflon filter substrate.

3.2. Month-wise detailed analysis
3.2.1. April

The Raman spectra obtained from aerosol samples
collected in April 2020 during the first COVID-19
lockdown over the WIHG campus in Dehradun (Figs. 4 (a-
e)) reveal a complex matrix of carbonaceous and organic
molecular signatures, indicative of reduced anthropogenic
activity and the resultant atmospheric transformations. All
five spectra (a-e) display two prominent carbon bands, the
D-band (~1350 cm™) and the G-band (~1580-1600 cm™),
which are characteristic of disordered and graphitic sp?
carbon structures, respectively (Ferrari & Robertson, 2000;
Sadezky et al., 2005). These bands confirm the presence of
BC and graphitic soot in the collected aerosol particles,
even during significantly reduced emissions.

Spectra (a) and (b) exhibit secondary peaks around
~1710 cm™ and ~2900 cm™, corresponding to carbonyl
C=0 stretching vibrations and C-H stretching modes,
respectively  (Movasaghi et al, 2007). These
features suggest contributions from oxidized organic
aerosols or SOAs, likely formed via atmospheric
photochemical aging under cleaner lockdown conditions
(Jimenez et al., 2009). The relatively strong intensity of the
C-H symmetric/asymmetric stretching peaks (2800-3000
cm™') across most spectra also highlights the presence of
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Figs. 4(a-e). Raman spectra (a-e) of aerosol samples collected during April 2020 from WIHG Campus, Dehradun

aliphatic hydrocarbons, probably emitted from residual
biomass burning or household combustion sources
(Chandrakala et al., 2024; VVan Poppel et al., 2023; Verma
& Kamyotra, 2021). Peaks in the region of 720-760 cm™
(visible in spectra d and e) may be attributed to out-of-plane
C-H bending modes, commonly associated with polycyclic
aromatic hydrocarbons (PAHSs) or ring-breathing modes in
substituted benzenes (Long, 2004; Tuinstra F & Koenig JI,
1970).

The diversity of Raman shifts and the relative
intensities among Figs. 4 (a-e) suggest temporal variability
in source composition and atmospheric processing.
Compared to pre-lockdown literature reports, the reduced
graphitic-to-disordered (G/D) intensity ratio observed in
some spectra implies decreased fossil fuel combustion and
increased contribution from low-temperature combustion
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or non-combustion organic sources (Liu et al., 2016; C. P.
Pandey & Negi, 2022; K. Pandey et al., 2024). These
spectral features provide a molecular-level snapshot of
ambient PM composition during a rare low-emission period
and offer a unique contrast to typical urban aerosol
conditions.

3.2.2. May

The investigation of the RS of aerosol
samples collected in May 2020, as seen in Figs. 5 (a-€),
depicts a complex chemical mixture typical of
combined carbon-based and organic materials of pre-
monsoon conditions. The most prominent peak is a strong
band near ~1350 cm™, indicating disorder in carbon
structures, often associated with freshly emitted BC or soot
from combustion processes such as vehicular emissions or
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Figs. 5(a-e). Raman spectra (a-e) of aerosol samples collected during May 2020 from WIHG Campus, Dehradun

biomass burning (Ferrari & Robertson, 2000; Sadezky et
al., 2005). Unlike typical soot spectra, however, several
samples notably lack a clear G-band (~1580 cm™),
indicating the presence of more amorphous
carbon or primary particles with minimal atmospheric
aging. At the same time, distinct peaks observed
around ~1750 cm™ suggest the presence of C=0 functional
groups, which  are indicative of  oxidized
organic compounds such as SOAs or humic-like
substances (HULIS) (Liu et al., 2016; Long, 2004).
Furthermore, the broad and often overlapping bands
between ~2500 and 3100 cm™, especially near ~2850-2930
cm™, reflect aliphatic C—H stretching vibrations, often
associated with fossil-fuel-related emissions and biogenic
organics (lvleva et al., 2007; Movasaghi et al., 2007).
Collectively, these spectrum characteristics investigation
leads to a complex atmospheric mixture in May 2020 that
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is compatible with dry, sunny, and polluted pre-monsoon
conditions in the Indo-Gangetic Plain and nearby
Himalayan foothills. This mixture is characterized by
primary emissions as well as indications of photochemical
aging. The spectral variation in samples indicates both
spatial and temporal heterogeneity in aerosol sources and
atmospheric transformation processes.

3.2.3. June

The Raman spectra of aerosol samples collected in
June 2020 (Figs. 6 (a-f)) reflect the characteristics of
highly ~ carbonaceous  materials and  oxidized
organic constituents. All six (Figs. 6 (a-f)) consistently
show strong D (~1330-1350 cm™) and G (~1550-1580
cm') bands, indicating the predominance of disordered
(amorphous) and graphitic sp? - hybridized carbon,
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Figs. 6(a-f). Raman spectra (a-f) of aerosol samples collected in June 2020 from WIHG Campus, Dehradun

respectively (Ferrari & Robertson, 2000; Sadezky et al.,
2005). The narrow peak shapes and prominent intensities
of these bands, especially in Figs. 6(a-€), are signatures
of soot-like aerosols commonly associated with
combustion sources such as vehicular and biomass burning
emissions.

In Fig. 6 (a), the D and G bands appear well-defined
at 1332 cm™! and 1534 cm™!, with a noticeable band near
~2700 cm™ (2D band), suggesting layered carbon
structures or more graphitized soot particles (Tuinstra F &
Koenig JI, 1970). The minor peaks at ~600-700 cm™ may
correspond to C-H bending or C-C skeletal vibrations from
aged organic aerosol matter (Long, 2004). Fig. 6 (b) also
shows a similar D-band, suggesting relatively ordered soot
particles, which could result from atmospheric aging or
reduced local combustion just before the monsoon. Figs. 6
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(c and d) show the D- and G-bands around 1327-1355 cm™
and 1550-1580 cm™, respectively. The signal broadening,
especially in Fig. 6 (d), may be attributed to complex
organic mixtures with photochemically processed and
long-range transported material.

Fig. 6 (e) has a clearer G-band (~1562 cm™) and
diminished D-band, potentially reflecting aged aerosol
particles with a higher degree of graphitization. Weak
bands at ~2500-3100 cm™ may relate to C-H overtones or
molecular vibrations from oxygenated organic aerosols.
Fig. 6 (f) displays a unique spectral profile with the absence
of clear D/G peaks but broad, structured bands near 1500-
3000 cm™, highlighting a dominance of aliphatic C-H
stretching and possibly contributions from PAHSs or fossil
fuel-related emissions (Movasaghi et al., 2007; K. Pandey
et al., 2024).
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Figs. 7(a-c). Raman spectra (a-c) of aerosol samples collected in July 2020 from WIHG Campus, Dehradun

The data investigated here represents the onset of
monsoon in Dehradun, suggesting a shift toward more
aged, oxidized aerosols, with possible washout of coarse
particles and maybe retention of fine-sized particles that
originate from biomass burning activities. The variations in
spectral peaks point to complex SOA formation processes
and partial atmospheric removal mechanisms through
precipitation.

3.2.4. July

The Raman spectra of aerosol samples from July 2020
(Figs. 7 (a-c) reveal signatures of carbonaceous and
oxidized organic aerosols shaped by monsoonal conditions.
All spectra exhibit strong D (~1350-1362 c¢cm™) and G
(~1580-1591 cm™) bands, confirming the presence of
disordered and graphitic carbon typical of soot from
combustion sources (Ferrari & Robertson, 2000; Sadezky
et al., 2005). Broader band shapes, especially in Fig. 7 (c),
suggest atmospheric aging and mixing with secondary
organics.

Fig. 7 (a) shows clear D and G bands, along with
weaker features near 733 and ~1750 cm™, pointing to
organonitrate or carbonyl groups. Broad bands in the 2748-
3015 cm™ region indicate aliphatic C-H stretching from
long-chain hydrocarbons or HULIS (Liu et al., 2016; Long,
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2004). In Fig. 7 (b), the dominant G-band and overlapping
peaks at 2729 and 2986 cm™ suggest aging and SOA
condensation (Kumar et al., 2016; Movasaghi et al., 2007).
Fig. 7 (c) displays similar organic-rich features with strong
aliphatic C-H bands at 2721, 2854, and 2975 cm™,
indicative of enhanced SOA formation under humid
conditions (Hinks et al., 2018).

Overall, the July spectra show stronger organic
signatures than previous months, reflecting monsoonal
washout of coarse particles and accumulation of fine, aged
aerosols. These results underscore the role of seasonal
meteorology in driving aerosol aging and transformation in
Himalayan environments.

3.2.5. August

The Raman spectra of aerosol particles collected in
August 2020 (Figs. 8 (a-d)) continue to exhibit the
characteristic carbonaceous signatures observed in
previous months, but with distinct enhancements in
oxidized and aliphatic features. In all four spectra, the
dominant D-band (~1350-1380 cm™) and G-band (~1580-
1610 cm™) reflect the presence of disordered (sp3) and
graphitized (sp?) carbon structures, indicative of
combustion-derived soot and related BC fractions (Ferrari
& Robertson, 2000; Sadezky et al., 2005).
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Figs. 8(a-d). Raman spectra of ambient aerosol samples from WIHG Campus, Dehradun (August 2020)

The top left and top right spectra show prominent
peaks  around 1466-1453 cm™, which  are
typically associated with C-H bending vibrations from
alkyl chains, often seen in aged organic aerosol matter (Liu
et al., 2016; Long, 2004). These features, coupled with the
sharp peak at 1588-1589 cm™ (G-band), suggest the co-
existence of primary carbonaceous aerosols and SOA
processed under high relative humidity during the monsoon
season.

Bottom panel spectra (c-d), especially (c), reveal
additional complexity. The broad envelope from ~2700-
3100 cm™ includes overtone and combination bands, with
sharp peaks at ~2721-2775, ~2870, and ~3016 cm ™. These
are attributed to aliphatic and aromatic C-H stretching
modes, characteristic of both saturated hydrocarbons and
PAHs (Kumar et al., 2016; Movasaghi et al., 2007). The
signal broadening in this region, along with overlapping
features near 2130-2150 cm™ and ~2430 cm™, may result
from contributions of nitrate-bearing organics or surface-
bound functional groups on aged soot cores (Hinks et al.,
2018; Joo et al., 2024).

Furthermore, the relatively enhanced Raman peaks in
the fingerprint region (1250-1450 cm™) point toward an
increasing share of oxidized organic material, such as
HULIS or SOAs, formed through aqueous-phase oxidation
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during monsoon downpours and high humidity (Gopinath
et al., 2022; Jimenez et al., 2009).

The Raman spectra from August 2020 demonstrate a
shift towards a more aged and functionally complex aerosol
composition, influenced by monsoonal atmospheric
conditions that promote secondary processing and long-
range transport.

3.2.6. September

The Raman spectra from September 2020 (Figs. 9 (a-
¢)), a transitional phase from monsoon to post-monsoon,
reflect a complex mixture of carbonaceous and oxidized
organic aerosol constituents. All three spectra display
distinct D-bands (~1350-1380 cm™) and G-bands (~1581-
1591 cm™), consistent with the signatures of soot and
graphitic carbon (Ferrari & Robertson, 2000; Sadezky et
al., 2005). These peaks reflect a mixture of sp?- and sps-
hybridized carbon atoms, typical of fresh and aged
combustion-related PM.

Fig. 9 (a) spectrum reveals a D-band at 1371 cm™ and
a G-band at 1591 cm™, along with smaller features at ~700
cm™ and 1298 cm™, which may be associated with C-H
bending vibrations and C-C skeletal modes, possibly from
HULIS or oxygenated organic aerosols (Jimenez etal.,
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Figs. 9(a-c). Raman spectra of aerosol particles collected in September 2020 at WIHG Campus, Dehradun

2009; Long, 2004). Peaks around ~2720-2860 cm™ in this
spectrum are attributed to aliphatic C-H stretching, often
indicative of SOA formation via photochemical aging (Liu
etal., 2016).

Fig. 9 (b) spectrum shows sharper and more intense D
(1368 cm™) and G (1581 cm™!) bands, suggesting fresh soot
particles or enhanced vehicular biomass burning during
drier post-monsoon days. Additionally, Raman features in
the 2700-3100 cm™ range (especially at ~2720, ~2856, and
~3034 cm™) correspond to symmetric and asymmetric
stretching of CH> and CHs groups, pointing toward the
presence of semi-volatile organics and PAHs (Kumar et al.,
2016; Movasaghi et al., 2007).

Fig. 9 (c), with well-resolved D (1352 cm™) and G
(1587 cm™) bands and overtone features at ~2713-2840
cm™!, demonstrates an aged soot matrix with surface-bound
oxygenated functionalities, likely due to long-range
atmospheric transport and aqueous-phase oxidation during
the monsoon's trailing end (Hinks et al., 2018; Joo et al.,
2024). The feature at ~2143 cm™ may indicate nitrile or
cyanide groups or atmospheric nitration reactions.

Overall, the September spectra depict an aerosol
system rich in combustion-generated carbon, but
increasingly overlapped by secondary organic material,
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reflecting seasonal chemical aging and regional
atmospheric dynamics during the monsoon’s retreat phase.

3.2.7. Meteorology and its relation with aerosol
particles

In this study, we have used the meteorological in-situ
observations from Dehradun and Raman spectroscopic
analysis of atmospheric aerosol particles during April-
September 2020 at WIHG revealed significant correlations
between environmental conditions and carbonaceous
aerosol characteristics. As shown in Fig. 10 (a), the
meteorological parameters showed typical Himalayan
foothill monsoon progression, with rainfall increasing from
low pre-monsoon values to peak values exceeding 600 mm
during July-August, and similarity of monsoonal
progression can be seen throughout the meteorological
observations. Temperature ranges from 30 °C during pre-
monsoon to 20-25 °C during active monsoon phases, while
relative humidity depicts seasonal transitions from 60-70%
to 80-90% saturation levels as precipitation increases. The
Ip/le spectral intensity ratios, representing the degree of
graphitic ordering in carbonaceous aerosols, demonstrated
remarkable stability around 0.8 + 0.1 throughout the study
period despite all the meteorological variability, suggesting
that the structural characteristics of atmospheric carbon
particles
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Figs. 10(a&b). (a) Monthly variability of meteorological parameters (rainfall, temperature (Temp.), vapor pressure (V Pa), relative humidity
(RH), evaporation (Evap), bright sunshine (Sunshine) and wind) and (b) Raman spectroscopic Ip/lg ratios of carbonaceous aerosols
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remained relatively constant irrespective of seasonal
precipitation and humidity changes because of the
restricted lockdown during COVID-19. This consistency in
In/lg ratios indicates that the predominant carbonaceous
aerosol sources are most likely a mixture of biomass
burning and fossil fuel combustion. Investigation also
suggests similar combustion characteristics and aging
processes during both dry and wet atmospheric conditions.
The stability of Ip/lg ratios throughout April-September
2020, during India’s COVID-19 lockdowns and phased re-
openings, indicates that essential combustion sources like
residential biomass use and agricultural burning continued
to dominate carbonaceous aerosol characteristics despite
reductions in traffic and industry in the study area. The
consistent atmospheric particle structure in the study area
shows that everyday sources like household cooking and
crop burning may continue to shape air pollution in the
Himalaya, even when traffic and industries were shut down
during COVID-19 lockdowns, effectively highlighting
their ongoing role in regional and local air quality and
climate effects.

3.2.8. Statistical analysis

Analysis of aerosol particles’ Ip/lg ratios during
April-September 2020 (Fig. 10 (b)), 1%t phase of lockdown
in India, during this time, all unnecessary transportation
was stopped, which has neither revealed any significant
variations in the particle structure nor any carbon structure
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disorder. F-statistics indicating no significant monthly
variation (F (5, 33) = 0.986, p = 0.441), despite reductions
in all the primary emissions. The dominance of graphitic
particles in the sample (69.2%, Ip/lc <0.8) and a mean Ip/lg
of 0.805 + 0.158 shows that, even under reduced traffic and
industrial emission activity, aged carbonaceous aerosol
particles continued to dominate. The moderate effect size
(n? = 0.130) indicates that monthly changes accounted for
only about 13% of the variation in particle structure, while
COVID-19 lockdowns and related emission reductions
primarily influenced aerosol concentrations rather than
their graphitic characteristics. Levene’s test confirmed
equal variances (p = 0.471), and even though two monthly
groups showed slight non-normality, the ANOVA results
held firm, demonstrating that lockdown-driven emission
reductions did not significantly alter the carbon structure of
atmospheric aerosols.

The monthly Raman spectral analysis of aerosol
samples collected from the WIHG Campus in Dehradun
during the COVID-19 lockdown (April-September 2020)
offers comprehensive insights into the chemical evolution
of atmospheric particulates across pre-monsoon, monsoon,
and early post-monsoon phases in the northwestern
Himalayan foothill region.

During the pre-monsoon period (April-May), strong
and sharp D (1330-1350 cm™) and G (1580-1600 cm™)
bands were consistently observed in almost all spectra,
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indicative of freshly emitted soot-like particles from
biomass burning, vehicular emissions, and domestic
combustion sources (Ferrari & Robertson, 2000; Sadezky
et al., 2005). Secondary peaks at ~1730 cm™ and ~2900
cm! further suggest the presence of carbonyl and aliphatic
C-H groups, pointing toward aged organic aerosols and
possible HULIS (Hinks et al., 2018). These signatures
reflect increased atmospheric photochemistry and
accumulation of fine-mode particles typical of the dry pre-
monsoon atmosphere, with limited wet scavenging.

As the region transitioned into the monsoon season
(June-August), a noticeable spectral shift emerged.
Although carbonaceous D and G bands persisted, they
appeared relatively broadened or reduced in intensity,
particularly in June and August spectra, implying partial
washout of freshly emitted soot and increased aging of
residual aerosols (Ram & Sarin, 2010). Elevated intensities
around ~2500-3100 cm™ in many spectra correspond to C-
H overtone and stretching modes, suggesting enhanced
organic content, likely from photochemically oxidized
semi-volatile compounds (Kumar et al., 2016; Liu et al.,
2016). Distinct peaks near 1100-1300 cm™ in several July
and August spectra also suggest polysaccharide-like or
bioaerosol components, possibly linked to increased
biological activity and moisture availability during
monsoonal humidity (Péschl, 2005). Moreover, features
near 1600-1750 cm™ in July-August samples underscore
the buildup of oxygenated organic species, especially
carbonyl and carboxylic groups consistent with in-cloud
processing or aqueous-phase oxidation during long-range
transport (Kampf et al., 2013).

In the post-monsoon onset month of September, the
spectra reveal a reemergence of sharp D and G bands, along
with strong overtone features and aliphatic signals (2700-
3100 cm™). This indicates a resurgence of combustion-
derived aerosols, potentially due to drying of surface
emissions and reduced scavenging efficiency. The spectral
richness in September also suggests SOA formation from
post-monsoon photochemistry, which is enhanced due to
clearer skies and increased solar flux (Chakraborty et al.,
2018).

A study done in 2020 by (C. P. Pandey & Negi, 2022)
revealed that ambient aerosols collected during May 2020
were overwhelmingly carbonaceous, with C and O
comprising over 90% of observed elemental mass and trace
amounts of Si, Na, Al, K, Ca, Mg, and Ti reflecting mineral
dust and crustal sources. The dominance of carbon and
oxygen correlates directly with the intense D (~1350 cm™)
and G (~1580 cm™) Raman bands observed in these
samples, confirming the prevalence of disordered and
graphitic BC. Minor Raman features in the 1700-3100 cm™!
region attributed to C=0O stretching and C-H aliphatic
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vibrations mirror the presence of oxygenated organic
compounds suggested by the EDX oxygen-rich signature.
Additionally, the fractal and aggregated morphologies seen
in scanning electron microscope (SEM) align with the
broadened Raman band shapes, indicating mixed aging and
aggregation states of carbonaceous particles. Being our
own published study, the complementary SEM-EDX and
Raman data together elucidate both the elemental makeup
and molecular structure of lockdown-period aerosols in the
Doon Valley.Overall, the Raman spectral progression
across these months reflects a clear chemical transition in
aerosol composition from fresh carbonaceous emissions in
the dry pre-monsoon period, to aged and oxidized organic
matter during the wet monsoon, followed by a partial
restoration of combustion signatures in the post-monsoon
phase. This analysis, conducted during an unprecedented
emission-minimized COVID lockdown period, provides a
rare baseline of natural and secondary aerosol processes
under relatively clean atmospheric conditions.

4. Conclusions

This study presents one of the first detailed RS
investigations of atmospheric aerosol particles from Doon
Valley during the COVID-19 lockdown. Monthly spectral
analyses of TSP from April to September 2020 reveal
distinct seasonal transitions in aerosol composition and
chemistry.

Raman spectral profiles during the pre-monsoon
months (April-May) were dominated by strong and well-
defined D (~1330-1350 cm™) and G (~1580-1600 cm™)
bands, reflecting the predominance of freshly emitted soot
and carbonaceous particles from biomass burning and
anthropogenic combustion sources. Additional bands in the
~1730 cm?' and ~2900 cm' regions suggested
contributions from oxygenated organic compounds and
HULLIS, typical of aged or secondary aerosols.

During the monsoon period (June-August), a notable
shift in spectral features was observed. The D and G bands
persisted but with reduced sharpness and intensity, likely
due to atmospheric aging, wet scavenging, and long-range
transport. Prominent signals corresponding to aliphatic and
oxygenated functional groups indicated enhanced
photochemical processing and aqueous-phase reactions
under high humidity and cloud cover. In particular, July and
August spectra reflected a richer organic aerosol matrix,
suggesting the buildup of SOAs through in-cloud and
aqueous-phase oxidation.

In the post-monsoon onset (September), spectral
characteristics indicated a resurgence of combustion-
derived carbonaceous material, coupled with retained
features of oxidized organics. This points to the resumption
of local emissions and decreased atmospheric cleansing.
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The analysis reveals that despite substantial
reductions in emissions during the lockdown, the structural
characteristics of carbonaceous aerosols remained largely
unchanged. This suggests that long-range transport and the
dominance of aged graphitic particles played a stronger role
than local emission reductions in shaping aerosol structure.

4.1. Limitations

Despite providing valuable insights, this study has
certain limitations. Seasonal variation could not be fully
assessed, as a larger dataset would be required to establish
statistically robust conclusions. Furthermore, various
elemental analyses, such as Scanning Electron Microscopy
- Energy Dispersive X-ray analysis and X-Ray Diffraction,
would have strengthened the chemical characterization of
aerosols. However, due to constraints of time and limited
sample availability, these aspects could not be undertaken
in the present work.

Overall, the study demonstrates the capability of RS
in characterizing the chemical heterogeneity of aerosol
particles and tracing their seasonal evolution. The results
also provide a critical baseline for future assessments of
aerosol transformation processes in high-altitude pristine
environments, especially under low-emission conditions.
These findings highlight the interplay between local
sources, atmospheric processing, and meteorology in
governing aerosol composition over the Himalayan
foothills.
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