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Abstract

Atmospheric aerosols are ubiquitous
suspensions of solid and liquid particles that
profoundly influence Earth’s climate, air quality,
and public health. Originating fromdiverse natural
sources including sea spray, volcanic eruptions,
mineral dust storms, and biological emissions as
well asanthropogenic activities such asfossil fuel
combustion and industrial processes, these
particles exhibit remarkable diversity in size,
shape, composition, and optical properties. This
article provides a comprehensive overview of
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Fatehpur, Jamtara, Dumka, Jharkhand, INDIA aerosols generated from wave breaking and non-
sea-salt sulfates derived from phytoplankton-
produced dimethyl sulphide dominate marine
atmospheres, while mineral dust fromaridregions
and vol canic emissions significantly impact regional and global climate. Anthropogenic sulfates, nitrates,
and black carbon from incomplete combustion contribute substantially to radiative forcing and air
pollution. Aerosol size gover nsatmospheric lifetime and deposition patter ns: nucleation mode particles
(<0.1 im) form via gas-to-particle conversion, accumulation mode particles (0.1-1.0 im) persist for
days to weeks and efficiently scatter solar radiation, while coarse mode particles (>1.0 im) settle
within hours. Health impacts are most severe for PM, ..., which penetrates deep into alveolar regions,
causing approximately 0.8 million premature deaths annually worldwide from respiratory and
cardiovascular diseases. Understanding aerosol characteristics is essential for devel oping effective
mitigation strategies and reducing uncertainties in climate models.
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Introduction

Atmospheric aerosolsaresuspensionsof solid or liquid particlesinair, originating from both naturd and
anthropogenic sources. They play a critical role in Earth’s climate system through direct and indirect radiative
forcing, affect vighility, and havesignificant implicationsfor human hedth!. Aerosol particlesrangefromafew
nanometers to hundreds of micrometers, with physical and chemical properties determined by source
characteristicsand atmaospheric processing.2
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Thisarticleprovidesacomprehensive overview of aerosol sources, classification schemesbased on

physical properties, and the environmental and health impacts of atmospheric particul ate matter.

Sources of Atmospheric Aerosols
Natural Sources

1.

Sea Salt Aerosols: Seasalt aerosols are produced by the tearing of wave crusts during whitecap
formation and bubble bursting a the ocean surface. These particlesare primarily composed of sodium
chlorideand other marine salts, with sizesranging from 0.05to 10 im diameter. Seasalt aerosolsare
highly hygroscopic, efficiently scatter solar radiation, and serve aseffective ¢l oud condensation nuclei
(CCN)3. Global emission estimatesrangefrom 1000 to 10,000 Mt yr{ , making them oneof the most
abundant natural aerosol types.

Non-Sea-Salt (Oceanic) SulfateAerosol: Theprimary non-sea-salt sulfate (NSS) aerosol source
isgas-to-particleconversion of sulfur-bearing gases*. Marine phytoplankton discharge dimethyl sulphide
(DMS), which oxidizes via OH radicals under solar UV radiation to form SO, and subsequently sulfate
aerosols. The CLAW hypothesisproposes anegative feedback mechanism: increased DM Semissions
enhance cloud a bedo, reducing global temperature, which decreases phytopl ankton productivity and
DM Semissor. TheseNSS particlesare hygroscopic and act as CCN, significantly influencing marine
cloud properties.

Mineral Dust: Minerd dustisamgor contributor to aerosol loading and optica thickness, particularly
in subtropical and tropical regions. Dust particlesareformedin arid and semi-arid areasby surface
wind action, combining quartz and clay mineras°. The SaharaDesert (largest globa source) and Thar
DesartinIndiaemit an estimated 1000-3000 Mt yr{ %, with particlestransported thousandsof kilometers
affecting downwind regionsacrosstheAtlantic and Indian Oceans’. Dust aerosolsinfluenceradiative
forcing, ocean fertilization, and cloud microphysics.

Volcanic Aerosols. Vol canic emissions contribute both primary dust and gaseous sulfur. Large-
magnitude eruptions(e.g., Mount Pinatubo 1991) canimpact globa climate by reducing solar radiation
reaching the surface by 2-5%, |owering tropospheric temperaturesby 0.5°C, and dtering atmaospheric
circulation patternsfor 2-3 years. Sulfuric gases convert to sub-micron sulfate dropl ets containing
approximately 75% sulfuric acid, which scatter incoming solar radiation and absorb terrestrid radiation.®

Extra-Terrestrial Aerosols. Interplanetary dust consistsof solid particles ranging from tenths of
micrometerstofew millimetersin diameter, primarily originating from cometary debris. Approximately
40,000 tons of cosmic dust enters Earth’s atmosphere annually, contributing to the positive ion
concentration in the upper atmosphere and representing the most fundamental natural background
aerosol leve .

Biological Aerosols: Biologica aerosolsincludeplant debris (cuticular waxes, leaf fragments), humic
matter, and microbid particles(bacteria, fungi, viruses, dgae, pollen, spores). Concentrationsrange
from 10t to 10v particlesmy 2inforested areas. Humic-like substances makethisaerosol light-absorbing,
especially inthe UV-B region, and biogenic particles can act as both cloud droplet and ice nuclei,
influencing supercool ed cloud processes.’

BiomassAer osols. Forest and bush fires produce large quantities of sub-micrometer particles, with
global emissionsof 50-190 Mt yr{ 1. The mean particlediameter isapproximately 0.3im, withfew
particles exceeding 10 im. Biomass burning significantly contributesto atmospheric aerosol loading,
particularly intropical regions during dry seasons, and isamajor source of organic carbon and black
carbon.
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Anthropogenic Sources

1. Sulfates: Most global SO, emissions (120-180 Mt yr{ *) result from fossil fuel burning, industrial
sources like oil refineries, and power plants. SO, oxidizes to sulfate via gas-phase or aqueous-phase
reactionswithin cloud droplets. Both pathways produce submicron sulfate aerosol sthat are efficient
light scatterers, contributing approximately -0.4 W ny 2to globd radiativeforcing.t

2. Nitrates: Nitrates are secondary particles formed through chemical reactions involving NO* and
NH{ . Primary anthropogenic sources include vehicles, factories, and agricultural emissions. In regions
with high NO* and NHf emissions (Europe, India, North America), NH,, NOf aerosol concentrations
(20-50 Mt yr{ 1) may exceed those of sulfate, contributing to regiona haze and nutrient deposition.*?

3. Black CarbonAerosols: Black carbon (BC) isformed as aby-product of incompl ete combustion of
fossi| fud sand biomass (10-30 Mt yr{ 1), consisting of graphiteand light-absorbing particlesinthefine
mode. BC isuniquely absorbing (mass absorption cross-section 5-20 m2 ¢{ 1) and contributespositive
radiativeforcing of gpproximately +0.4 W m{ 2. Sink mechanismsincludewet and dry deposition, with
atmosphericlifetime of 4-12 daysdepending on particlesizeand dtitude.

Classification of Aerosols

1. Aerosol Shape Aerosolsexhibit diverse morphol ogies:

» |sometricparticles: All threedimens ons approximately equal (typica spherica particles, volcanic
ash).

> Platdets Twodimensonslarge, onedimension smaler (leaf fragments, minera dust platelets).

»  Fibers: Onedimension much larger than the other two (asbestos, minera fibers, pollentubes).
2. Aerosol Size
Table1: Classification of aerosolsbased onsize
Particle
Size Classification Chief Lifetime Number Mass
Range Sour ce Concentration | Contribution
(Um)
. Gas-to-
0.001-0.1 | Nucleation particle < 1day 104 -105 <5%
mode : cm? 3
conversion
0.1-1.0 Accumulation Coagulatlt_)n, Daysto 10%-104 cmp? @ 30-60%
mode condensation | week
10100 | Coarsemode | Mechanical 0o 1-10 cm? 3 40-70%
disintegration

Nucleation mode particlesform viagas-to-particle conversion (GPC), primarily consisting of sulfuric
acid compoundsfrom oxidation of sulfur-contai ning gases. Accumul ation mode particlesresult from coagulation
of smdler particlesand heterogeneous condensation, possess ng thelongest atmospheric res dencetimeand
greatest light scattering efficiency. Coarse mode particles originate from mechanica processesincludingwind
erosion and seaspray.
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3.

Aerosol Density
Table 2: Densitiesof different aerosol species®®

Aerosol Species Density (g cm? 9)
Water-insoluble (organic) 2.0
Water-soluble (inorganic) 1.8
Sea-salt 2.2
Mineral dust 2.6
Soot (Black carbon) 1.0
Sulfate droplets 1.7
Volcanic dust 2.8

Mean bulk density of aerosolsrangesbetween 1.0 and 3.0 g ey 3, influencing settling vel ocitiesand

amosphericlifetimes.

4.

Refractivel ndex: Thecomplex refractiveindex (m =n- ik) determinesaerosol radiative properties.
Thered part (n) typically rangesfrom 1.3 to 1.6, governing scattering efficiency. Theimaginary part ()
varies over orders of magnitude (5 x 10{ y to 5 x 10{ 1), with higher values indicating stronger
absorption. Particlesfrom combustion processes (soot, brown carbon) exhibit high k values (0.1-0.8),
while sulfateand seasalt have negligibleabsorption (k < 10{ 3).%6

Meteorological Influences on Aerosols

>

>

>

>

Temperature: Higher temperatureslower air dendity, increasing boundary layer height (up to 2-3 km)
and aerosol dispersion; lower temperatures reduce boundary layer (100-500 m), trapping aerosols
near surface and increasing concentrationsby 3-5times.

Solar radiation: Drives photochemical reactions, secondary aerosol formation, and heat/moisture
exchangeinfluencing deposition processes.

Wind: Controlstransport (100-1000 km day{ 1), dispersion, and re-suspension of deposited particles;
threshold wind speedsof 5-8 m § initiate dust emissions.

Reativehumidity: Determineswater uptake by hygroscopic aerosols; at 90% RH, sulfate and sea
salt particlesincreasein diameter by 2-3 times, enhancing light scattering by factor of 5-8.

Effects of Atmospheric Aerosols

1
>

Environmental Effects

Direct RadiativeForcing: Aerosol sscatter and absorb incoming solar radiation. Scattering aerosols
(sulfates, seasdlt, nitrates) produce cooling (-0.3to-1.0 W my{ 2 globally), whileabsorbing aerosols
(black carbon, dust) producewarming (+0.2to +0.8 W m{ 2). The net effect (-0.9t0 +0.1 W m{ ?)
representsthelargest uncertainty in anthropogenic climateforcing [17].

Indirect Radiative Forcing: Aerosols act as cloud condensation nuclel, modifying cloud albedo,
lifetime, and preci pitation efficiency. Increased aerosol concentrations (from 100 to 1000 cny 3) lead
to morenumerousbut smaller cloud droplets (15to 10im diameter), increasing cloud reflectivity by 5-
10% (Twomey effect) and potentialy suppressing precipitation, extending cloud lifetimeby hours[18].
Chemical composition includes water-soluble ions (Naz , NH,, z, Kz , Mg?z , Ca?z, CI{, SO,, ¥{,
NOf {), organic carbon (20-60% of fine mass), and elemental carbon (5-15%), serving as source
markers.’®

Human Health Effects: PM, .... (particles <2.5 im aerodynamic diameter) penetrates deep into
nonciliated and aveolar regionsof thelungs, depositing with 30-50% efficiency. Hedthimpactsind ude;

Allergiesand asthmaexacerbation (10-20% i ncrease during high pol lution episodes).
Cardiovascular disease (8-18% increased mortality per 10igm{3PM, ....).
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» Respiraory infections(15-30%increasein children).
»  Lungcancer (8-14%increased risk per 10ig m{ 3).
»  Prematuremortality.

Globally, ambient PM, .... air pollution is responsible for approximately 0.8 million premature deaths
and 6.4 million years of life lost annually. The World Health Organization estimates that 91% of the world’s
population lives in areas exceeding PM, .... guidelines (10 ig m{ 2 annual mean).

Conclusions

Atmospheric aerosol soriginate from diverse natural and anthropogenic sources, each with distinct
physical and chemical characteristics. Natural sourcesdominate global emissions (3500-5500 Mtyr{ 1) and
include seasat (1000-10,000 Mt yr{ 1), mineral dust (1000-3000 Mt yr{ 1), non-sea-sat sulfatesfromDM S
oxidation (60-110 Mt Syr{ 1), vol canic emissions (4-10,000 Mt yr{ 1), biological particles, and biomass
burning (50-190 Mt yr{ ). Anthropogenic sources contribute 1000-1300 Mt yr{ 1, encompassing sulfates
(120-180 Mt yr{ 1), nitrates (20-50 Mt yr{ 1), and black carbon (10-30 Mt yr{ 1).

Aerosol dassfication based on shgpe (isometric, plate e, fibers), size (nud egtion: <0.11im, accumulation:
0.1-1.0im, coarse: >1.01im), density (1.0-3.0 g cny 3), and refractiveindex isessential for understanding
optica and radiative properties. Accumul ation mode particles (0.1-1.0 im) possessthelongest atmospheric
lifetime (daystoweeks) and grestest light scattering efficiency, making them most significant for climateforaing.

Meteorologica parameterssignificantly influenceaerosol behavior: temperaturecontrolsboundary layer
dynamics, solar radiation drives photochemistry, wind governstrangport and re-sugpension, and rd ative humidity
determineswater uptake by hygroscopic species, enhancing scattering by factorsof 5-8 at high humidity.

Environmenta impactsincludedirect radiativeforcing through scattering and absorption (-0.9t0 +0.1
W my{ 2globaly), andindirect forcing viacloud modification (reflectivity increase of 5-10%, lifetimeextenson).
Health impacts are predominantly associated with PM, .... , which penetrates deep into alveolar regions

causing dlergies, asthma, cardiovascular disease (8-18% increased mortality per 10ig ny 3), and premature
mortaity (0.8 millionannua desthsglobally).

Understanding aerosol sources, properties, and effectsiscrucia for devel oping effective mitigation
srategies, improving air quaity management, and reducing uncertaintiesin climate model s(currently +50% of
total forcing). Futureresearch prioritiesinclude size-segregated chemical characterization, real-time source
apportionment, and assessment of aerosol-cloud-precipitationinteractions.
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