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Abstract

The accelerating effects of climate change, driven by rising greenhouse gas
emissions, necessitate identifying key contributors like aerosols, mainly
black carbon (BC), due to their significant impact on global warming. This
study investigates the temporal and seasonal dynamics of BC aerosols in
Ooty, Tamil Nadu, India, using a decade (2013-2023) of data from an Ae-
thalometer. Annual BC concentrations varied from 0.51 pg/m?® (2020) to
1.1 ug/m?(2023), with a decadal mean of 0.75 + 0.26 ug/m?3. Distinct season-
al variations were observed, with summer BC concentrations ranging from
0.9 to 1.6 ug/m? (mean: 1.3 ug/m?3) and monsoon values significantly lower
at 0.2-0.5 pg/m? (mean: 0.4 ug/m?3). Winter exhibited a seasonal mean of
1.1 pg/m3, while post-monsoon BC concentrations averaged 0.6 pg/m?.
Temperature (20-28.6°C), relative humidity (49-93%), and rainfall (0.4-
7.81 mm/day) influenced the observed trends. April consistently showed
peak BC levels (up to 1.87 pug/m?), while 2020 recorded the lowest due to
reduced emissions. Seasonal trends revealed increasing BC levels from De-
cember to April, declining during the monsoon months (June-November).
These findings underscore the need for sustained monitoring and mitiga-
tion strategies in high-altitude regions to address BCs’ climatic impacts,
aiding global efforts against climate change.

Keywords

black carbon aerosols; climate change; high-altitude atmosphere; seasonal
patterns; temporal variations

Introduction

Climate change has become an urgent global concern in recent decades,
fundamentally reshaping the Earths’ atmospheric dynamics and disrupting
established weather and temperature patterns. This transformation is pri-
marily driven by the escalating concentrations of greenhouse gases, such as
carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,0), which act as
heat-trapping agents within the Earths’ atmosphere, leading to a progres-
sive increase in global temperatures. Notably, the IPCC 5th Assessment for
2022 revealed that the average global temperature had exceeded pre-
industrial levels by 1.15 °C, underscoring the swift pace of change. In the
array of factors influencing Earths’ temperature, aerosols are a significant
climate system component. These tiny particles, suspended in the atmos-
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phere, vary in size from nanometers to micrometres (1).
Carbonaceous aerosols, the dominant type, elicit both
cooling and warming effects by scattering or absorbing
solar radiation, depending on their composition, size, and
structure. Aerosols such as sulfate cool the atmosphere by
scattering sunlight, while black carbon (BC) absorbs radia-
tion, contributing to warming (2). BC is particularly signifi-
cant among aerosols due to its high warming potential of
2000 times greater than CO, and its role as the second-
largest contributor to global warming (3).

The deposition of BC on high-albedo surfaces, such
as snow and glaciers, accelerates melting by reducing sur-
face reflectivity (4). Additionally, BC particles alter cloud
dynamics by acting as nuclei for condensation, reducing
droplet sizes, and influencing precipitation patterns (5).
These disruptions are magnified in high-altitude ecosys-
tems, where temperature gradients are sensitive to aero-
sol-induced radiative changes. Regions like the Western
Ghats are particularly vulnerable due to their role as biodi-
versity hotspots and dependence on stable hydrological
cycles. The Western Ghats, a UNESCO World Heritage Site,
represent a high-altitude ecosystem of global importance.
Unique weather patterns, seasonal rainfall, and varying
temperatures characterize these mountain ranges. Howev-
er, increased anthropogenic activities such as tourism,
vehicular emissions, and diesel generator usage (6) have
led to a steady influx of aerosols, particularly BC. Studies
conducted in comparable high-altitude regions, including
the Himalayas and the Tibetan Plateau, have shown that
BC concentrations negatively impact air quality, snow-
melt, and the radiative budget (7,8). For instance, research
in the central Himalayan region revealed substantial sea-
sonal variations in BC, with winter peaks due to biomass
combustion (9,10). Similar effects were observed in the
Tibetan Plateau, where BC deposition on glaciers acceler-
ated ice mass loss (11).

In Ooty, situated at an altitude of 2520 m, anthropo-
genic activities compound natural aerosol sources, creat-
ing unique interactions within the atmosphere. Its signifi-
cance as a hill station and the ISRO ARFI environmental
observatory operation provides an ideal setting for study-
ing aerosol-climate interactions. Research shows that BC
concentrations in Ooty are influenced by long-range

transport and local emissions, reflecting broader atmos-
pheric trends (12,13). Furthermore, the sensitivity of high-
altitude ecosystems like the Western Ghats necessitates a
detailed understanding of BCs’ seasonal and temporal
variations and their influence on radiative processes and
weather patterns. This study extends beyond physical aer-
osols by also considering bioaerosols, airborne fragments
of microorganisms, plants, and other biological matter.
These aerosols, classified as viable or non-viable, contrib-
ute to the spread of infectious agents, allergens, and res-
piratory disorders (14). High-altitude conditions character-
ized by lower temperatures, UV radiation, and reduced
water availability can affect bioaerosol viability and distri-
bution (15). With its varying altitudinal gradients and envi-
ronmental monitoring facilities, Ooty provides a unique oppor-
tunity to study bioaerosols alongside physical aerosols.

Despite being a key contributor to global warming
and air quality degradation, BC aerosols remain underex-
plored in high-altitude environments. Given the complex
interplay between aerosols, meteorological factors, and
ecological systems, this study aims to quantify BC varia-
tions in Ooty, emphasizing their seasonal and temporal
characteristics. Additionally, by analyzing bioaerosols at
the ISRO ARFI Environmental Laboratory, this research
investigates their implications for health and climate in the
region. The findings aim to inform strategies for pollution
control, climate mitigation, and conservation in sensitive
high-altitude ecosystems like the Western Ghats.

Materials and Methods
Description of the study site

Udhagamandalam, also popularly known as Ooty, is locat-
ed in the Western Ghats (Latitude - 11° 25'27” N, Longitude
- 76°43’27” E) of southern India and distinguished by its
serene environment and distinctive climatic conditions,
attributable to its position within one of the regions’ high-
est mountain ranges. The presence of the Indian Space
Research Organisation Aerosol Radiative Forcing in India
(ISRO ARFI) Environmental Observatory, situated at an
altitude of 2520 meters above sea level, underscores the
scientific and ecological relevance of this area (Fig. 1).
Nonetheless, as a prominent hill station and a favoured
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Fig. 1. ISRO-ARFI study site at Ooty, Tamil Nadu.
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tourist destination, Ooty experiences a considerable in-
crease in vehicular traffic, particularly during peak tourism
periods (Feburay-May). These vehicles' combustion of fos-
sil fuels, combined with emissions from diesel generators
and industrial processes, results in the atmospheric re-
lease of black carbon particles (13, 16). This underscores
the critical need for systematic monitoring and mitigation
strategies to address black carbon pollution and safeguard
this region's environmental integrity and ecological equi-
librium.

Black carbon aerosols continuous monitoring using an
aethalometer (AE-31)

This study focused on the continuous real-time measure-
ment of Black Carbon (BC) aerosols using the seven-
channel Aethalometer (model AE-31, Magee Scientific,
USA) at the Aerosol Radiative Forcing over India Network
(ARFINET) observatory. Data collection was conducted at a
temporal resolution of 5 minutes over approximately 10
years, from January 2013 to July 2023, excluding 2016,
when the instrument was undergoing maintenance due to
a combination of monsoon hurricanes and a technical
snag. The lack of data in 2016 was acknowledged, and the
missing data points were not included in the long-term
trend analysis. This ensured that the absence of data in a
single year did not skew the overall temporal trends or
affect the statistical validity of the study. The Aethalome-
ter is a well-established and robust instrument widely
used in aerosol research to quantify ambient BC mass con-
centrations in diverse environments, including remote,
urban, and high-altitude locations. The AE-31 model was
chosen for its capability to provide real-time, high-
resolution measurements of BC concentrations across
multiple wavelengths, making it suitable for aerosol char-
acterization in diverse settings. However, limitations such
as sensitivity to filter loading effects and humidity may
introduce minor biases in BC measurements, requiring
careful data correction. Numerous studies have validated
its reliability and applicability in studying aerosol charac-
teristics. (17-23).

As the aerosol collection substrate, the Aethalome-
ter employs a quartz fibre filter tape selected for its high
purity, thermal stability, and humidity resistance. Aerosol
particles in the sampled air are deposited onto the filter as
a discrete spot. The instrument measures the attenuation
of light passing through the filter, which decreases in in-
tensity due to absorption by the deposited particles. This
attenuation is directly proportional to the BC loading on
the filter tape. To determine the BC concentration, the
instrument calculates the difference in light transmission
between the particle-laden sample spot and a reference
spot on the filter. The corresponding absorption coeffi-
cient is then computed, representing the light absorption
by BC particles in the sample. The Aethalometer operates
at seven optical wavelengths (350, 470, 520, 590, 660, 880,
and 970 nm). Among these, the attenuation measured at
880 nm is considered the standard for BC quantification,
as BC predominantly absorbs light at this wavelength, with
minimal interference from other aerosol components. Fac-
tory-calibrated wavelength-dependent conversion factors

are applied to translate absorption coefficients into
"equivalent BC mass" concentrations.

This instruments’ capability to provide high tem-
poral resolution and multi-wavelength data makes it an
invaluable tool for monitoring BC aerosols in diverse at-
mospheric settings. By analyzing the long-term BC dataset
collected, this study aims to uncover trends and variations
in BC mass concentrations, contributing to a better under-
standing of the role of BC aerosols in atmospheric process-
es and their impact on the environment of Ooty, Tamil
Nadu, India.

Meteorological data obtained from IMD

The India Meteorological Department (IMD) systematically
collects extensive meteorological data through its ob-
servatories, weather stations, and remote sensing instru-
ments network. This data undergoes rigorous processing,
quality assurance, and often interpolation onto a grid to
generate comprehensive spatial representations of various
meteorological parameters. Gridded data, within the con-
text of the IMD, refers to meteorological and climatological
datasets organized in a grid format. This approach in-
volves dividing the geographical domain into grid cells,
where each cell corresponds to a specific location and con-
tains meteorological attributes such as temperature, pre-
cipitation, and humidity. These gridded datasets are wide-
ly applied in scientific research and operational domains,
including weather forecasting, climate modelling, and en-
vironmental studies. In this study, IMDs’ gridded data com-
plements the primary dataset by providing spatially dis-
tributed meteorological parameters, helping to contextu-
alize the BC measurements about broader meteorological
patterns. While the gridded data aligned well with ob-
served trends, some discrepancies were observed during
localized extreme events, where the grids’ resolution failed
to capture finer regional variations, potentially introducing
small biases into the analysis. The IMD provides gridded
observation datasets for maximum temperature (TMAX)
and minimum temperature (TMIN) with a spatial resolu-
tion of 1°x1° and a temporal resolution of daily intervals.
Ground-based meteorological observations from stations
across India form the foundation for these datasets sub-
jected to stringent quality control procedures. To ensure
compatibility with rainfall and future datasets, the maxi-
mum and minimum temperature data were refined to a
resolution of 0.25°x0.25°. IMD gridded precipitation data is
also available at the exact 0.25°%0.25° spatial resolution.
Since 1951, these datasets have been developed using an
average of 3100 meteorological stations daily, making
them a key reference dataset for India.

IMD gridded datasets covering January 2013 to
June 2023 for the present study were utilized as reference
data. The collected data includes relative humidity, rain-
fall, wind speed, and maximum and minimum tempera-
tures. This dataset critically analyzed meteorological
trends and variations over the specified period.

Statistical analysis

A statistical analysis investigated potential linear relation-
ships between black carbon (BC) concentration and vari-
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ous dependent variables. Standard deviation estimates
were computed using MS Excel, while correlation coeffi-
cients between BC concentration and each dependent
variable were calculated using Origin and R software. This
correlation analysis aimed to assess the nature and
strength of associations between variables, with correla-
tion coefficients ranging from -1.0 to 1.0. A positive correla-
tion indicates that an increase in one variable corresponds
to a rise in the other. In contrast, a negative correlation
implies that an increase in one variable is associated with
a decrease in the other. A correlation coefficient 0 suggests
no significant relationship, indicating that the variables
are statistically independent.

Results

Monthly variations in BC concentration and meteoro-
logical parameters

The study identified higher black carbon (BC) concentra-
tions in March across multiple years: 1.63 pg/m?® (2013),
1.7 ug/m? (2015), 1.55 pg/m? (2017), 1.66 pg/m* (2018),
1.49 pg/m® (2021), 1.41 pg/m® (2022), and 1.43 pg/m?
(2023). April concentrations were slightly lower, with
1.87 pg/m® (2014), 1.44 pg/m® (2019), and 0.96 pg/m?
(2020). Over the entire study period, the annual average BC
concentrations were: 0.88 ug/m?® (2013), 0.85 ug/m? (2014),
0.82 ug/m?* (2015), 0.84 ug/m?* (2017), 0.85 ug/m?* (2018),
0.57 ug/m?* (2019), 0.51 ug/m?* (2020), 0.58 ug/m?* (2021),
0.62 pg/m® (2022), and 1.1 pg/m? (2023), resulting in an
overall mean of 0.75 + 0.26 ug/m?>. Notably, the BC concen-
tration was lowest in 2020 (Table 1).

Seasonal analysis of BC aerosol concentration and me-
teorological parameters

BC concentrations during summer ranged from 0.9 ug/m?
to 1.6 ug/m?, averaging 1.3 ug/m?3. This season was associ-
ated with warmer temperatures (average 26.5°C) and rela-
tive humidity of 69.8%. In contrast, monsoon BC concen-
trations were lower, ranging from 0.2 ug/m?® to 0.5 pg/m?,
with an average of 0.4 pg/m?®. Post-monsoon concentra-
tions ranged from 0.3 pug/m? to 0.9 pg/m3, with a mean of
0.6 ug/m?*. The monsoon period featured significant rain-
fall (6.6 mm/day) and cooler temperatures (24.1°C), while

Table 1. Monthly average of BC concentration during different years

post-monsoon conditions saw temperatures averaging
23.46°C and relative humidity of 84.74 % (Fig. 2-5). The
data also covers seasonal BC concentrations and meteoro-
logical parameters (winter, summer, monsoon, post-
monsoon) from 2013 to 2023. Winter BC concentrations
ranged from 0.6 pg/m?to 1.4 pg/m?3, with an average of
1.1 pg/m®. During winter, temperatures averaged 23.3°C
(Fig. 2), rainfall was 0.9 mm/day (Fig. 3), and relative hu-
midity averaged 63.2% (Fig. 4). Seasonal trends (Fig. 5)
showed BC concentrations increasing from December to
April, followed by a decrease from June to November, a
pattern observed across all years. Ambient temperatures
fluctuated between 20°C and 28.6°C. Relative humidity
varied from 49 % to 93 % (Fig. 3), and rainfall exhibited
seasonality, with higher values from July to October (5.70-
7.81 mm) and lower values from December to March (0.40-
3.8 mm) (Fig. 4).
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Fig. 3. Monthly variation of Relative humidity over the years of 2013 to 2023.

2013 2014 2015 2017 2018 2019 2020 2021 2022 2023 Avg St. Dev Min Max
Jan 1.4 1.13 0.97 1.06 1.26 0.73 0.39 0.45 0.73 0.56 0.87 0.33 0.39 1.4
Feb 1.29 0.62 1.57 1.12 13 0.44 0.94 1.33 0.92 1.26 1.08 0.33 0.44 1.57
Mar 1.63 1.53 171 1.55 1.66 1.41 0.76 1.49 1.41 1.43 1.46 0.25 0.76 171
Apr 1.62 1.89 1.48 1.16 1.22 1.44 0.97 1.43 1.27 1.13 1.36 0.25 0.97 1.89
May 1.09 111 1.08 0.97 1.06 0.33 0.91 0.62 0.68 0.87 0.26 0.33 111
Jun 0.37 0.69 0.46 0.48 0.48 0.43 0.26 0.2 0.26 0.40 0.14 0.2 0.69
Jul 0.3 0.2 0.31 0.31 0.25 0.31 0.22 0.17 0.18 0.25 0.06 0.17 0.31
Aug 0.35 0.44 0.43 0.34 0.16 0.12 0.27 0.17 0.23 0.28 0.11 0.12 0.44
Sep 0.46 0.39 0.65 0.48 0.36 0.3 0.23 0.22 0.12 0.36 0.15 0.12 0.65
Oct 0.65 0.78 0.25 0.86 0.63 0.32 0.43 0.26 0.28 0.50 0.22 0.25 0.86
Nov 0.66 0.59 0.17 0.76 0.5 0.4 0.34 0.19 0.72 0.48 0.21 0.17 0.76
Dec 0.68 0.74 0.7 0.98 13 0.6 0.33 0.36 0.53 0.69 0.29 0.33 13
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Fig. 4. Monthly variation of rainfall over the years of 2013 to 2023.

Discussion

Monthly variations in BC concentration and related me-
teorological parameters

The continuous daily average black carbon (BC) concen-
trations from January 2013 to April 2020 are shown in
Fig. 5. The lowest BC concentration recorded during this
period was 0.12 + 0.06 ug/m? in August 2019 and 0.12 *
0.09 pug/m? in September 2020, while the highest concen-
tration of 1.89 + 0.44 ug/m? occurred in April 2014 (Fig. 6). A
clear inter-annual fluctuation in BC levels was observed,
with significantly elevated concentrations between March
and May compared to other months. The annual variation
in monthly mean BC concentrations, depicted in Fig. 6,
reveals a consistent trend, with the lowest values observed
from July to September and the highest from February to
April.

1.2

1.0

0.8
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0.0

Monsoon Post-Monsoon
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Winter Summer

Fig. 5. Seasonal variation of black carbon aerosol concentration.
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Fig. 6. Monthly variation of black carbon aerosol concentration from 2013 to
2023.

The average annual BC concentration in Ooty was
comparable to those recorded at other high-altitude sta-

tions. For example, peak BC concentrations of 0.109 +
0.027 ug/m? during the pre-monsoon period at the Himala-
yan aerosol observatory in Hanle (24). Similarly, the Nepal
Climate Observatory Pyramid (NCOP) in the Himalayas
reported BC concentrations of 340 ng/m? in April (25). The
overall annual mean BC concentration in Ooty was 0.75 +
0.26 pug/m?3, which is consistent with earlier findings at the
same location (0.67 + 0.36 ug/m?3) (25). In contrast, the
mean BC concentration at Kodaikanal (2133 m above sea
level) was higher at 2.10 + 0.72 pg/m3. At Madurai (101 m
above sea level), the concentration was even more signifi-
cant, reaching 5.10 = 2.40 ug/m?® (26). These results suggest
that BC concentrations at Kodaikanal and Madurai were
notably higher than in Ooty.

Seasonal analysis of black carbon aerosol concentra-
tions and meteorological parameters

Fig. 6 displays the seasonal mean concentrations of black
carbon (BC) across four seasons: winter, summer, mon-
soon, and post-monsoon. The average BC concentrations
for each season during the study period were 1.3 £ 0.09 ug/
m?in summer, 1.10 + 0.09 ug/m? in winter, 0.60 + 0.06 pg/
m? in post-monsoon, and 0.4 + 0.06 ug/m? in monsoon.
These findings reveal a clear seasonal pattern, with BC
concentrations peaking during the summer months
(March to May) and reaching their lowest during the mon-
soon season (Fig. 5).

The higher BC levels observed in summer can be
attributed to several factors, including increased atmos-
pheric turbulence, vertical pollutant mixing, and a more
active atmospheric boundary layer. During summer, the
enhanced turbulence caused by higher temperatures al-
lows for more significant vertical mixing of pollutants, rais-
ing BC concentrations at the surface level. Longer daylight
hours and stronger solar radiation also increase the energy
available for the atmospheric processes, contributing to
BC dispersal. Additionally, summer wind patterns, particu-
larly those influenced by large-scale atmospheric circula-
tion, may promote the transportation of aerosols over long
distances, further contributing to elevated BC concentra-
tions. For example, regional transport of BC particles from
lower altitudes, where pollution sources like vehicular
emissions and biomass burning are more concentrated,
could elevate BC concentrations in higher-altitude loca-
tions like Ooty (11, 23). Furthermore, local emission
sources, such as biomass burning and traffic from tourism-
related activities, also exacerbate the accumulation of BC
during this period.

The monsoon season, in contrast, sees significantly
lower BC concentrations, primarily due to the cool temper-
atures (typically ranging from 15-19°C), heavy rainfall, and
the washout effect. During the monsoon, wind patterns
bring moist air from oceanic regions, carrying higher mois-
ture content and increasing precipitation. The persistent
rainfall effectively removes BC from the atmosphere
through scavenging processes, and the winds’ dynamic
nature promotes vertical mixing and dispersion of pollu-
tants. The absence of the stagnant air conditions seen dur-
ing the summer contributes to the rapid removal of BC,
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leading to significantly lower concentrations (0.4 + 0.06 pg/
m?). These wind-driven and precipitation-driven meteoro-
logical conditions aid in the reduction of BC, ensuring its
dilution and removal from the ambient air.

Post-monsoon months also showed reduced BC
concentrations, likely due to limited convective activity
and lower temperatures. As the influence of monsoon
rains wanes and air stability increases, the wind patterns
become less dynamic. Winds may shift to more land-based
patterns, which could bring reduced moisture and lower
vertical mixing. This is compounded by the temperature
drop after the rains, further inhibiting the dispersion and
mixing of aerosols. BC concentrations gradually increased
in winter, mainly due to anthropogenic activities such as
bonfires and forest fires, which are more frequent during
this season.

From 2017 to 2020, BC concentrations exhibited
significant variability, with fluctuations noted on seasonal,
monthly, and even hourly timescales of temperature, rela-
tive humidity, and rainfall (Figs. 7-9). These variations are
mainly influenced by local wind patterns, which can either
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concentrate or disperse aerosols depending on their inten-
sity and direction. The presence of wind systems capable
of vertical mixing—especially in the post-monsoon peri-
od—can spread BC aerosols across greater distances, en-
hancing concentrations at local sites such as Ooty. This
suggests that the wind direction, speed, and other atmos-
pheric dynamics play essential roles in determining BC
dispersal and retention during different seasons.

The seasonal BC concentration patterns observed
in this study align with findings from previous research.
For instance, peak BC concentrations in March and April at
Manora Peak in Nainital mirror the trends at our study site.
Likewise, higher BC concentrations in summer followed by
winter, with the lowest values in the monsoon season,
were found at other high-altitude stations (26). In contrast,
stations like Madurai and Kodaikanal exhibited higher BC
concentrations during winter, a pattern also observed in
Dehradun (27). These observations emphasize the influ-
ence of boundary layer dynamics, seasonal wind patterns,
and prevailing meteorological conditions (like tempera-
ture and humidity) on BC levels (28). Overall, the data sug-
gest that the study site is relatively clean, likely due to its
mountainous location, a barrier to local and regional pol-
lution sources. The topographic influence on wind pat-
terns ensures natural meteorological processes disperse
or dilute local emissions. The findings underscore the im-
portance of regulating anthropogenic emissions, mainly
from transportation, industrial activities, and biomass
burning. Targeted mitigation strategies in the Western
Ghats should include stricter vehicle emission controls,
promoting cleaner fuels, and expanding public transporta-
tion networks. Enhancing forest management to reduce
biomass burning can further lower BC levels. These strate-
gies, applicable regionally and beyond, could significantly
reduce air pollution. Moreover, insights from the 2020
lockdown emphasize the potential for long-term pollution
reduction by effectively enforcing emission standards.

Conclusion

The study on black carbon (BC) aerosols in Ooty, Tamil
Nadu, reveals significant seasonal variations in BC concen-
trations, with the highest levels typically observed from
March to May, driven by increased vehicular traffic and
biomass burning, and the lowest during the monsoon sea-
son, when rainfall and cooler conditions help to clear the
air. The average annual BC concentration in Ooty over the
study period (2013-2023) was 0.75 + 0.26 ug/m?>. While
Ootys’ BC levels are lower than those in nearby lower-
altitude areas, such as Madurai, the concentration still
peaks during dry seasons, correlating with biomass burn-
ing and an influx of tourists. Key strategies to mitigate pol-
lution include controlling emissions from vehicles, pro-
moting clean transportation alternatives like electric vehi-
cles, encouraging clean cooking technologies in rural are-
as, and implementing sustainable forest management
practices to prevent biomass burning. Additionally, in-
creasing public awareness, especially among locals and
tourists, and enhancing air quality monitoring systems can
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be critical in managing pollution. These efforts would help
reduce BC levels, improve air quality, protect public
health, and preserve the delicate ecosystems in the region.
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