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UNIT Environ

mental Pollution

and Global Change

«ENVIRONMENTAL POLLUTION»

Environmental Pollution refers to the introduction of contaminants into the natural
environment that cause adverse changes, typically as a result of human activities.
Pollutants can be chemical substances, energy (noise, heat, light), or biological agents
that degrade environmental quality and harm living organisms.

AIR POLLUTION
Definition & Composition of Clean Air

Definition: The introduction of harmful
substances (pollutants) into the Earth's
atmosphere, causing damage to living
organisms, ecosystems, and man-made
structures.

o Clean air composition: N, (78.08%),
O, (20.95%), Ar (0.93%), CO,
(0.04%), trace gases

o Air pollution: Presence of substances
in concentrations harmful to health,
environment, or property

Classification of Air Pollutants
1= Primary Pollutants (Emitted directly):

 NH,

Air Pollution

Pollutant Sources

Health/Environmental

Characteristics Effects

Particulate Matter  Vehicles, industry,

PM,, (<10um), PM,s  Respiratory diseases,

(SO,) (coal, oil), smelting

(PM) construction, dust (<2.5um), PM; (<1um)  reduced visibility,
storms climate effects
Sulfur Oxides Fossil fuel combustion SO, SO, forms H,SO Respiratory issues, acid

4 (acid rain) rain, plant damage
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Nitrogen Oxides
(NO,)

High-temperature
combustion (vehicles,
power plants)

NO, NO, (brown gas),
forms HNO 4

Respiratory diseases,
smog, acid rain, ozone
formation

Carbon Monoxide
(CO)

Incomplete combustion
(vehicles, biomass
burning)

Colorless, odorless,
binds hemoglobin 250x%
stronger than O,

Headaches, dizziness,
death at high
concentrations

Volatile Organic

Vehicles, solvents,

Methane, benzene,

Ozone formation,

(phased out), batteries,
paints

accumulates in tissues

Compounds paints, petroleum toluene, formaldehyde  carcinogenic, respiratory
(VOCs) issues
Lead (Pb) Leaded gasoline Heavy metal, Neurotoxic (especially

children), anemia,
kidney damage

1= Secondary Pollutants (Formed in atmosphere):
o Ground-level Ozone (O ;): Formed by NO , + VOCs + sunlight (photochemical smog)

o Peroxyacyl Nitrates (PANs): Eye irritants in smog
e Acid Rain: H,SO, and HNO 5 from SO, and NO ,

Major Sources

Source Category

Contribution to

Key Pollutants

Affected Regions

PM ;5 (%)
Industrial 25-30% SO,, NO,, PM, heavy Delhi NCR,
metals Maharashtra, Gujarat
Vehicular 20-25% NO,, CO, PM, VOCs Metropolitan cities
Biomass Burning 15-20% PM, CO, VOCs, BC Punjab, Haryana, UP
(stubble burning)
Construction/Dust 10-15% PMo, PM35 Urban expansion
areas
Domestic 10-15% PM, CO (cooking Rural and urban poor
fuels) households
Power Plants 8-12% SO,, NO,, PM, Coal belt regions
mercury

Causes of Air Pollution (Sources of Pollutants)
Air pollution stems from both human activities (anthropogenic) and natural sources.

1= Primary Human (Anthropogenic) Causes:
1. Burning of Fossil Fuels:
o Power Generation: Coal-fired power plants are major emitters of sulfur dioxide
(SO,), nitrogen oxides (NO , ), and particulate matter (PM).
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- Transportation: Vehicles (cars,

trucks, airplanes, ships) burn
gasoline and diesel, releasing
carbon monoxide (CO), NO,,
volatile organic compounds
(VOCs), and PM.

- Industrial Processes: Factories

and manufacturing plants emit a
wide range of pollutants, including
SO,, NO,, and heavy metals.

2. Industrial and Agricultural Activities:

e Chemical Solvents & Paints: Release
VOCs that contribute to smog
formation.

e Miningx and Construction: Generate
large amounts of dust (PM) and release
toxic chemicals.

o Agriculture:

- Livestock: Produces methane
(CH,) and ammonia (NH 3).

- Fertilizers: Release ammonia and
nitrous oxide (N ,0).

- Burning Crop Residue: Creates
thick smoke laden with PM and
black carbon.

3. Household Sources:

e Solid Fuel Use: Burning wood,
charcoal, or dung for cooking and
heating in homes (especially in
developing countries) is a massive
source of indoor air pollution (PM and
CO).

e Cleaning Products & Paints: Emit
VOCs.

4. Waste Management:
o Landfills: Decomposing organic waste
produces methane.
e Open Burning of Trash: Releases
dioxins, furans, PM, and other toxic
substances.

1=~ Natural Causes:

e Dust Storms: Can transport vast
amounts of particulate matter over long
distances.

o Wildfires: Release huge quantities of
smoke, ash, and CO.

o Volcanic Eruptions: Emit SO,, ash,
and various gases.

« Biological Decay & Pollen:
Contribute to organic particulates and
allergens.

1= Effects of Air Pollution
The impacts are severe and multi-scale,
from human health to global climate.

1. Effects on Human Health:

o Respiratory &  Cardiovascular
Diseases: Asthma, bronchitis, lung
cancer, heart attacks, and strokes. Fine
particulate matter (PM 2.5) penetrates
deep into the lungs and bloodstream.

e Increased Mortality: Millions of
premature deaths annually are linked
to air pollution exposure.

o Neurological & Developmental
Harm: Linked to cognitive decline,
Alzheimer's, and impaired
development in children.

o lIrritation: Immediate irritation to eyes,
nose, and throat.

2. Effects on the Environment:
o Acid Rain: Caused by SO, and NO,

reacting with water vapor, damaging
forests, lakes, and soil, and eroding
buildings and monuments.

o Eutrophication: Airborne nitrogen
compounds can deposit in water
bodies, causing algal blooms that
deplete oxygen and kill aquatic life.

o Damage to Ecosystems & Wildlife:
Pollutants can directly harm plants and



animals, reduce biodiversity,
disrupt food chains.

Ozone Depletion: Certain pollutants
(like chlorofluorocarbons - CFCs)
damage the stratospheric ozone layer,
increasing UV radiation.

3. Effects on Climate (Global & Regional):

Global Warming: Greenhouse gases
like carbon dioxide (CO,), methane
(CH,), and nitrous oxide (N,O) trap
heat, driving climate change.

Regional Cooling: Some aerosols (like
sulfate particles) can reflect sunlight, having
a temporary cooling effect, though this does
not offset long-term warming.

4. Economic & Social Effects:

Healthcare Costs: Billions are spent
on treating pollution-related illnesses.
Reduced Agricultural Yields:
Ground-level ozone damages crops,
reducing food production.
Property Damage:
buildings, paints, and metals.
Reduced Visibility (Haze/Smog):
Affects transportation safety and
tourism.

Loss of Work & School Days: Due to
illness, reducing productivity.

Corrodes
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and The Vicious Cycle: Climate Change & Air
Pollution

1= Critical interconnection exists
¢ Climate

Change Worsens Air
Pollution: Higher  temperatures
increase the rate of smog (ground-level
ozone) formation. Increased wildfires
due to drought and heat release more
pollutants.

e Air Pollution Drives Climate Change:

Greenhouse gas emissions are the
primary driver of global warming. Black
carbon (soot) deposited on ice
accelerates melting.

Conclusion
e Air pollution

is not just a "smog
problem"; it is a systemic issue rooted
in our energy, transportation, industrial,
and agricultural systems. lIts effects
cascade from the cellular level in our
bodies to the global climate system.
Addressing it requires integrated
policies that transition to clean energy
(solar, wind), improve energy efficiency,
adopt sustainable agriculture, and
promote electrified transport-actions
that simultaneously improve public
health, protect ecosystems, and
mitigate climate change.

WATER POLLUTION
<€ »

Definition: The contamination of water
bodies (rivers, lakes, oceans, groundwater)
by harmful substances, making it unfit for its
intended use.

1= Types & Sources
1. Point Source Pollution:

Industrial discharge pipes

o Sewage treatment plant outlets
o Oil spills

2. Non-point Source Pollution:
o Agricultural

runoff (fertilizers,

pesticides)

o Urban runoff (oil, grease, heavy metals)
o Atmospheric deposition
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1= Major Water Pollutants

Pollutant Category Sources Effects Indian Examples
Pathogens Sewage, animal waste Waterborne diseases  Yamuna, Ganga fecal
(cholera, typhoid, coliform 100-1000x%
hepatitis) standard
Organic Wastes Sewage, food BOD increase, oxygen Sabarmati, Cooum
processing, paper mills depletion, fish kills rivers
Nutrients (N, P) Fertilizers, sewage, Eutrophication, algal ~ Dal Lake, Chilika Lake
detergents blooms, hypoxia algal blooms
Toxic Chemicals Industry, mining, Bioaccumulation, Ganga: chromium,
agriculture carcinogenic effects arsenic; Damodar:
heavy metals
Sediments Soil erosion, Turbidity, habitat Brahmaputra high
construction destruction, transport of sediment load
attached pollutants
Thermal Pollution Power plants, Reduced oxygen Near thermal power
industries solubility, thermal stations
shock to organisms
Radioactive Nuclear plants, mining, Genetic damage, Jaduguda uranium
medical waste cancer mine runoff

1= Groundwater Pollution in India

o Major contaminants: Fluoride, arsenic,
nitrate, iron, salinity

o Affected population: 70 million+
(fluoride), 50 million+ (arsenic)

o Regions:
- Fluoride: Rajasthan, Guijarat,

Andhra Pradesh

- Arsenic: West Bengal, Bihar,

Assam, UP
- Nitrate: Punjab, Haryana (fertilizer B <
overuse WG, TG T AT
) TG T SR AT
1= Marine Pollution Water Pollution

1. Plastic Pollution: India generates 9.46
million tons plastic waste annually

2. Oil Spills: 2017 Ennore oil spill (Chennai) affected 30km coastline
3. Coastal Eutrophication: 78% of Indian coastal waters eutrophic (SOA report)
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1= Effects of Water Pollution
Health Impacts:
o Waterborne diseases:
(1,600 deaths/day in India)
e Chemical poisoning: Arsenicosis,
fluorosis, Minamata disease (mercury)
o Blue baby syndrome:
Methemoglobinemia from nitrate

Ecological Impacts:

o Eutrophication:
globally

o Bioaccumulation/biomagnification:
DDT, mercury in food chains

e Coral bleaching: Temperature +
pollution stress

« Biodiversity loss: Freshwater species
decline faster than terrestrial/marine

Economic Impacts:
o Treatment costs: 320,000+ crores for
Ganga cleanup
o Fisheries loss: $6.7 billion annually
from pollution (global estimate)
e Tourism impact: Beaches,
degraded

Various Causes of Water Pollution

1= [ndustrial waste

Industries produce a huge amount of waste
which contains toxic chemicals and
pollutants which can cause air pollution and
damage to us and our environment. They
contain pollutants such as lead, mercury,
sulfur, asbestos, nitrates, and many other
harmful chemicals.

Diarrhea

400+ dead zones

rivers

Many industries do not have a proper waste
management system and drain the waste in
the fresh water which goes into rivers,
canals and later into the sea. The toxic
chemicals have the capability to change the
color of water, increase the number of
minerals, also known as eutrophication,
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change the temperature of water and pose
a serious hazard to water organisms.

1= Sewage and wastewater

The sewage and wastewater that is
produced by each household is chemically
treated and released into the sea with fresh
water. The sewage water carries harmful
bacteria and chemicals that can cause
serious health problems. Pathogens are
known as a common water pollutant; The
sewers of cities house several pathogens
and thereby diseases.

Microorganisms in water are known to be
causes of some very deadly diseases and
become the breeding grounds for other
creatures that act as carriers. These
carriers inflict these diseases via various
forms of contact onto an individual. A very
common example of this process would be
Malaria.

1= Mining activities

Mining is the process of crushing the rock
and extracting coal and other minerals from
underground.

These elements when extracted in the raw
form contains harmful chemicals and can
increase the number of toxic elements
when mixed up with water which may result
in health problems. Mining activities emit a
large amount of metal waste and sulphides
from the rocks which is harmful to the water.

1= Marine dumping

The garbage produced by each household
in the form of paper, aluminum, rubber,
glass, plastic, food is collected and
deposited into the sea in some countries.
These items take from 2 weeks to 200 years
to decompose. When such items enter the
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sea, they not only cause water pollution but
also harm animals in the sea.

1= Accidental oil Leakage

Oil spill poses a huge concern as a large
amount of oil enters into the sea and does
not dissolve with water; thereby opens
problem for local marine wildlife such as
fish, birds and sea otters. For e.g.: a ship
carrying a large quantity of oil may spill oil if
met with an accident and can cause varying
damage to species in the ocean depending
on the quantity of oil spill, size of the ocean,
the toxicity of pollutant.

1= The burning of fossil fuels

Fossil fuels like coal and oil when burnt
produce a substantial amount of ash in the
atmosphere. The particles which contain
toxic chemicals when mixed with water
vapor result in acid rain. Also, carbon
dioxide is released from the burning of fossil
fuels which result in global warming.

1= Chemical fertilizers and pesticides

Chemical fertilizers and pesticides are used
by farmers to protect crops from insects and
bacteria. They are useful for the plant’s
growth. However, when these chemicals
are mixed up with water produce harmful for
plants and animals. Also, when it rains, the
chemicals mix up with rainwater and flow
down into rivers and canals which pose
serious damages for aquatic animals.

1= Leakage from sewer lines

A small leakage from the sewer lines can
contaminate the underground water and
make it unfit for the people to drink. Also,
when not repaired on time, the leaking
water can come on to the surface and
become a breeding ground for insects and
mosquitoes.

1= Global warming

An increase in earth’s temperature due to
the greenhouse effect results in global
warming. It increases the water
temperature and results in the death of
aquatic animals and marine species which
later results in water pollution.

1= Radioactive waste

Nuclear energy is produced using nuclear
fission or fusion. The element that is used in
the production of nuclear energy is Uranium
which is a highly toxic chemical. The
nuclear waste that is produced by
radioactive material needs to be disposed
of to prevent any nuclear accident. Nuclear
waste can have serious environmental
hazards if not disposed of properly. Few
major accidents have already taken place in
Russia and Japan.

1= Urban development

As the population has grown, so has the
demand for housing, food, and cloth. As
more cities and towns are developed, they
have resulted in increasing use of fertilizers
to produce more food, soil erosion due to
deforestation, increase in construction
activities, inadequate sewer collection, and

treatment, landfills as more garbage is
produced, increase in chemicals from
industries to produce more materials.

1= Leakage from the landfills

Landfills are nothing but a huge pile of
garbage that produces the awful smell and
can be seen across the city. When it rains,
the landfils may leak and the leaking
landfills can pollute the underground water
with a large variety of contaminants.
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1= Animal waste

The waste produced by animals is washed
away into the rivers when it rains. It gets
mixed up with other harmful chemicals and
causes various water-borne diseases like
cholera, diarrhea, jaundice, dysentery and
typhoid.

1= Underground storage leakage
Transportation of coal and other petroleum
products through underground pipes is well
known.

Accidentals leakage may happen anytime

and may cause damage to the environment
and result in soil erosion.

Effects of Water Pollution

Pollution of water affects both humans and
aquatic life. Most water sources close to
cities and urban centres are polluted by
garbage and dumping of chemicals, legally
or illegally. Below are some of the common
as well as adverse effects of polluting water
bodies.

1= Effects on Human Beings

Life is a cycle, and humanity’s irresponsible
behaviour often comes back to haunt it.
Adding contaminants to water bodies has
affected the human family in several ways.
According to a 2017 WHO report, 2.1 billion
people do not have access to safe water. In
2019, it stated that 785 million people lack
access to essential drinking water.

One of the main effects of this is diseases.
World Health Organisation notes that there
are about 120,000 cholera-related deaths
annually. Also, the Fukushima tragedy, for

example, increased the prevalence of
thyroid cancer in exposed infants by 70%.
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1= Death of Aquatic Life
Animals and plants that depend on water for
life are the most affected by polluted water.

Statistics from the Centre for Biological
Diversity on the effects of the Deep Horizon

spill provides a useful glimpse of the impact
of pollution on aquatic life.

1= Food Chain Disruption

Pollution disrupts the food chain by moving
the toxins from one level in the chain to
higher levels. In some cases, pollution can
wipe out an entire part of the food chain.
Such affect the other organisms by either
causing excessive growth, in case the
predator dies or death.

1= Destruction of Ecosystems
The introduction or elimination of certain
microorganisms distorts the ecosystem.

Nutrient pollution, for example, leads to an
increase in algae, which depletes the water
of oxygen, thereby leading to the death of
fish and other aquatic life.

Remedies of Water Pollution

1= Municipal wastewater treatment

In urban areas of developed countries,
municipal wastewater (or sewage) is
typically treated by centralized sewage
treatment plants. Well-designed and
operated systems (i.e., with secondary
treatment steps or more advanced
treatment) can remove 90 percent or more
of the pollutant load in sewage. Some plants
have additional systems to remove
nutrients and pathogens, but these more

advanced treatment steps get progressively
more expensive.
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Nature-based solutions are also being used
instead of (or in combination with)
centralized treatment plants.

Cities with sanitary sewer overflows or
combined sewer overflows employ one or

more engineering approaches to reduce
discharges of untreated sewage, including:
e utilizing a green infrastructure
approach to improve storm water
management capacity throughout the
system, and reduce the hydraulic
overloading of the treatment plant
o repair and replacement of leaking and
malfunctioning equipment
« Increasing overall hydraulic capacity of
the sewage collection system (often a
very expensive option).

1= On-site sanitation and safely managed
sanitation

Households or businesses not served by a
municipal treatment plant may have an
individual septic tank, which pre-treats the
wastewater on site and infiltrates it into the
soil. This can lead to groundwater pollution
if not properly done.

Lack of access to sanitation often leads to
water pollution, e.g. via the practice of open
defecation: during rain events or floods, the
human feces are moved from the ground
where they were deposited into surface
waters. Simple pit latrines may also get
flooded during rain events. The use of
safely managed sanitation services would
prevent this type of water pollution.

1= Industrial wastewater treatment

Some industrial  facilities  generate
wastewater that is similar to domestic
sewage and can be treated by sewage
treatment plants. Industries that generate
wastewater with high concentrations of

organic matter (e.g. oil and grease), toxic
pollutants (e.g. heavy metals, volatile
organic compounds) or nutrients such as
ammonia, need specialized treatment
systems.

Some industries install a pre-treatment
system to remove some pollutants (e.g.,
toxic compounds), and then discharge the
partially treated wastewater to the municipal
sewer system. Industries generating large
volumes of wastewater typically operate
their own treatment systems. Some
industries have been successful at
redesigning their manufacturing processes
to reduce or eliminate pollutants, through a

process called pollution prevention.

To remove heat from wastewater generated
by power plants or manufacturing plants the
following technologies are used:

e cooling ponds, man-made bodies of
water designed for cooling by
evaporation, convection, and radiation.

e cooling towers, which transfer waste
heat to the atmosphere through
evaporation or heat transfer

o Cogeneration, a process where waste
heat is recycled for domestic or
industrial heating purposes.

1= Agricultural wastewater treatment
Sediment (loose soil) washed off fields is
the largest source of agricultural pollution.
Farmers may utilize erosion controls to
reduce runoff flows and retain soil on their
fields. Common techniques include contour
plowing, crop mulching, crop rotation,
planting perennial crops and installing
riparian buffers.

Nutrients (nitrogen and phosphorus) are
typically applied to farmland as commercial
fertilizer, animal manure, or spraying of
municipal or industrial wastewater (effluent)
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or sludge. Nutrients may also enter runoff
from crop residues, irrigation water, wildlife,
and atmospheric deposition. Farmers can
develop and implement nutrient
management plans to reduce excess
application of nutrients and reduce the
potential for nutrient pollution.

To minimize pesticide impacts, farmers may
use Integrated Pest Management (IPM)
techniques (which can include biological
pest control) to maintain control over pests,
reduce reliance on chemical pesticides, and
protect water quality.

1= Erosion and sediment control from
construction sites
Sediment from construction
managed by installation of:
 erosion controls, such as mulching and
hydro seeding, and
e Sediment controls, such as sediment
basins and silt fences.

Discharge of toxic chemicals such as motor
fuels and concrete washout is prevented by
use of:
o spill prevention and control plans, and
o Specially designed containers (e.g. for
concrete washout) and structures such

sites is
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as overflow controls and diversion
berms.

1= Control of urban runoff (storm water)
Effective control of urban runoff involves
reducing the velocity and flow of storm
water, as well as reducing pollutant
discharges.

Pollution prevention practices include
low-impact  development  techniques,
installation of green roofs and improved
chemical handling (e.g. management of
motor fuels & oil, fertilizers and pesticides).
Runoff  mitigation  systems include
infiltration basins, bioretention systems,
constructed wetlands, retention basins and
similar devices.

Thermal pollution from runoff can be
controlled by storm water management
facilities that absorb the runoff or direct it
into groundwater, such as bio retention
systems and infiltration basins. Retention
basins tend to be less effective at reducing
temperature, as the water may be heated by
the sun before being discharged to a
receiving stream.

SOIL POLLUTION
< »

Definition: The degradation of land/soil
quality due to the addition of xenobiotic
(human-made) chemicals or other
alterations in the natural soil environment.

Causes of Soil Pollution

Soil pollution originates from diverse human
activities and, to a lesser extent, natural
processes. The main pathway is the direct
or indirect introduction of "xenobiotic"
(human-made) substances.

1= Agricultural Activities (A Primary

Cause)

o Pesticides and Herbicides:
Persistent chemicals (e.g., DDT,
organophosphates) accumulate in soil,
killing  beneficial organisms and

entering the food chain.

e Chemical Fertilizers: Overuse alters
soil chemistry and acidity, reduces
organic matter, and leads to nutrient



Soil

Pollution g%

runoff. Heavy metals like cadmium can
be present in some fertilizers.
Irrigation with Polluted Water:
Contaminated water deposits salts,
heavy metals, and industrial waste into
farmland soil.

Manure and Sludge: If not properly
treated, these can introduce antibiotics,
hormones, and pathogens into the soil.

1= Industrial Activities
o Mining and Smelting: Releases large

quantities of heavy metals (lead,
arsenic, cadmium, mercury) into the
surrounding land, often creating vast
contaminated areas.

Industrial Waste and Discharge:
lllegal or accidental dumping of
chemical byproducts, solvents, and
toxic sludge directly contaminates soil.
Manufacturing: Operations  like
tanning, battery manufacturing, and
petrochemical refining leave behind
significant soil contamination.

1= Waste Disposal
o Landfills: The most direct cause.

Leachate from landfills-a toxic cocktail
of decomposing organic matter,
chemicals, and heavy metals-can seep

Environmental Pollution and Global Change
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into and pollute vast areas of soil and
groundwater.

Open Dumping and lllegal Waste
Disposal: Common with electronic
waste (e-waste), which contains lead,
mercury, and brominated flame
retardants, and with construction/
demolition waste containing asbestos.

Sewage Sludge: When improperly
applied to land, it can introduce
pharmaceuticals, personal care

products, and heavy metals.

1= Urbanization and Construction

Soil Sealing: Covering soil with
impermeable materials (asphalt,
concrete) prevents its natural functions
and can concentrate pollutants in
remaining urban soil.

Construction Waste: Debris, paints,
solvents, and treated wood can
contaminate sites.

== Qther Causes

Atmospheric Deposition: Air
pollutants from factories, vehicles, and
power plants (like acid rain carrying
sulfur and nitrogen compounds, or
particulates containing heavy metals)
settle onto the land.

Oil and Fuel Spills: Accidents during
extraction, transportation, or storage
can cause  severe, long-term
hydrocarbon contamination.
Radioactive Fallout/Nuclear
Accidents: Releases long-lived
radionuclides (e.g., cesium-137,
strontium-90) that render soil unusable
for generations.
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Major Contaminants & Sources

Contaminant Primary Sources Indian Context Persistence
Heavy Metals Mining, industry, sewage Singrauli (mercury), Kolar ~ Centuries
sludge, pesticides (cyanide), Punjab (uranium)
Pesticides Agriculture, vector control Endosulfan (Kerala), DDT, Years-decades
HCH residues
Petroleum Oil spills, leaks, improper Mathura refinery, Mumbai  Decades
Hydrocarbons disposal coast spills
Salts Irrigation, seawater 6.73 million ha Difficult to reverse
intrusion saline/alkaline soils
Plastics Mulch films, solid waste 50,000+ tons/year plastic 100-1000 years
mulch in agriculture
Radioactive Nuclear accidents, Jaduguda, uranium mining 1000+ years
mining, waste areas

Effects of Soil Pollution

The effects cascade through ecosystems, food systems, and human health.

1= Effects on Ecosystem Health and Biodiversity

o Loss of Soil Fertility: Toxic substances and acidification harm soil microorganisms
(bacteria, fungi) and earthworms that are crucial for nutrient cycling and soil structure.
This leads to soil degradation and desertification.

Bioaccumulation and Biomagnification: Plants absorb pollutants (like heavy
metals). These toxins accumulate in their tissues and then become concentrated as
they move up the food chain, ultimately affecting top predators and humans.
Disruption of Soil Ecosystems: Pesticides and metals can kill soil fauna, breaking
down the complex web of life that sustains healthy soil.

Altered Soil Structure: Chemical contamination can break down soil aggregates,
leading to increased erosion and loss of topsoil.

Effects on Human Health

Food Chain Contamination: The most critical pathway. Consuming crops grown in
polluted soil or meat from animals that grazed on it leads to ingestion of heavy metals,
persistent organic pollutants (POPs), and other carcinogens.

Direct Contact and Inhalation: Children playing in contaminated soil or inhalation of
contaminated dust can cause lead poisoning, neurological damage, skin diseases,
and respiratory problems.

Drinking Water Contamination: Pollutants in soil (e.g., nitrates, pesticides) leach
into groundwater, contaminating drinking water sources.

1= Socio-Economic and Food Security Effects

o Reduced Agricultural Productivity: Polluted soil yields lower-quality, unsafe crops,
threatening food security and farmer livelihoods.
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o« High Remediation Costs: Cleaning
contaminated land (brownfields) for
safe use is extremely expensive and
technically challenging.

e Loss of Land Value: Contaminated
sites become unusable for housing,
agriculture, or recreation, blighting
communities.

o Strain on Water Resources: Soil
pollution directly compromises linked
water resources, increasing water
treatment costs.

1= Long-Term Environmental Effects

o Persistence: Many pollutants (e.g.,
PCBs, dioxins, heavy metals) do not
degrade and remain in the soil for
centuries, creating a lasting legacy.

o Contamination of Connected
Systems: Polluted soil acts as a
continuing source of contamination for
groundwater (aquifers) and, through
runoff, for surface water (rivers, lakes),
linking directly to water pollution crises.
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1= The Interconnected Cycle of Pollution
It's essential to see soil pollution not in
isolation:

e Air Pollution — Soil Pollution:
Atmospheric deposition is a major
cause.

e Soil Pollution — Water Pollution:
Leachate and runoff transfer
contaminants.

o Water Pollution — Soil Pollution:

Irrigation with polluted water completes
the cycle.

Special Concerns in India

1. Electronic Waste (E-waste): India
generates 3.2 million tons/year (3rd
globally)

2. Municipal Solid Waste: 62 million
tons/year, <30% processed

3. Fly Ash: 226 million tons/year from

thermal plants, heavy metal
contamination
4. Tannery Waste: Chromium

contamination in Kanpur, Tamil Nadu

NOISE POLLUTION

Definition: Noise pollution refers to
unwanted or harmful sound that disrupts
normal activities, causes discomfort, and
poses risks to human health and ecological
balance. It is measured in decibels (dB),
with sounds above 85 dB considered
potentially  harmful  with  prolonged
exposure.

Measurement & Standards
o Unit: Decibel (dB) - logarithmic scale

« CPCB Standards:
- Industrial areas: 75 dB day/70 dB
night
- Commercial areas: 65 dB day/55
dB night
Residential areas: 55 dB day/45
dB night

- Silence zones: 50 dB day/40 dB
night
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Major Sources

Source Noise Level (dB) Exposure Time Limit Urban Prevalence
Traffic 70-90 Continuous Major cities exceed
standards
Construction 90-110 8 hours = 90 dB limit 20% of urban noise
Industrial 85-100 8 hours = 85 dB limit Industrial clusters
Social/Religious 90-110 Event-based Festivals, weddings
Aircraft 100-130 Takeoff/landing Near airports
e considered potentially harmful with o Household Sources: Loud speakers,
prolonged exposure. TVs, home appliances, air
. . conditioners, and power tools.
Causes of Noise Pollution o Commercial Activities: Retail outlets
r= Transportation Sources with loud music, bars, restaurants, and
o Road Traffic: Cars, trucks, nlghtqlubs. . .
motorcycles buses and e Religious and Social Gatherings:
’ X Loudspeakers during festivals,

horns-especially in congested urban
areas.

o Air Traffic: Aircraft takeoffs, landings,
and flight paths over residential zones.

o Rail Transport: Trains, subways, and
rail yards, particularly braking and track
friction noises.

o Maritime Traffic: Ships, ferries, and
port operations (loading, unloading,
horns).

1= [ndustrial and Construction Activities

o Factories: Machinery, generators,
compressors, and assembly lines.

o Construction Sites: Jackhammers,
drills, cranes, bulldozers, and pile
drivers.

e« Mining and Quarrying: Blasting,
drilling, and heavy vehicle operations.

1= Urbanization and Community Sources
o Public Events: Concerts, festivals,
sports stadiums, and open-air markets.

weddings, and public announcements.

1= Other Sources
o Agricultural Machinery: Tractors,
harvesters, and irrigation pumps.
o Military Activities: Artillery practice,

aircraft exercises, and explosives
testing.

e Consumer Electronics: Personal
audio devices at high volumes
(headphones/earbuds).

Effects of Noise Pollution
1= Human Health Impacts

e Hearing Loss: Temporary or
permanent threshold shift; tinnitus
(ringing in ears).

o Cardiovascular Issues: Elevated

blood pressure, increased heart rate,
hypertension, and higher risk of heart

disease due to stress hormone
(cortisol) release.
o Sleep Disturbances: Insomnia,

frequent awakenings, reduced sleep



quality — daytime fatigue and impaired
cognitive function.

Psychological Effects: Stress,
anxiety, irritability, reduced
concentration, and decreased
productivity. Chronic exposure is linked
to depression and mood disorders.
Cognitive Impairment: Reduced
memory, learning difficulties
(especially in children), and impaired
task performance.
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for birds, marine mammals like
whales/dolphins, and bats).

Habitat Abandonment: Animals may
flee noisy areas, disrupting migration
patterns and breeding grounds.
Physiological Stress: Altered feeding
behavior, increased heart rates, and
reduced reproduction in species (e.qg.,
birds laying fewer eggs, marine life
avoiding shipping lanes).

Ecological Imbalance: Declines in
pollinator activity (bees) and disruption

1= Social and Behavioral Effects

o Communication Interference: )
Difficulty in conversation, leading to = Economic and Property Impacts

of food chains.

misunderstandings and social
isolation.

Reduced Quality of Life: Annoyance,
frustration, and decreased satisfaction
with living/working environments.
Workplace Hazards: Masks warning
signals, increases accident risks, and
lowers efficiency.

o Workplace

e Reduced Property Values: Homes

and offices in noisy areas (e.g., near
airports, highways) lose market value.
Healthcare Costs: Treatment for
noise-related health issues (hearing
aids, cardiovascular care, therapy).

Losses: Lowered
productivity, increased absenteeism,

and higher accident rates.

e Legal and Mitigation Expenses:
Noise barriers, soundproofing, and
litigation costs.

1= Impact on Wildlife and Ecosystems
o Disruption of Animal
Communication: Interferes  with
mating calls, navigation, hunting, and
predator warnings (especially critical

Key Radioactive Pollutants

Isotope Half-life Source Health Concern

Cesium-137 30.2 years Nuclear fallout, accidents Gamma emitter, whole body
exposure

Strontium-90 28.8 years Fallout, waste Bone-seeking, substitutes for
calcium

lodine-131 8 days Reactors, medical Thyroid uptake, thyroid cancer

Plutonium-239 24,100 years Reactors, weapons Alpha emitter, lung cancer if
inhaled

Radon-222 3.8 days Saoil, building materials Indoor air pollution, lung cancer

Tritium (H-3) 12.3 years Reactors, research Incorporates into water/DNA
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RADIOACTIVE POLLUTION

Definition: Radioactive pollution (or
radioactive contamination) is the presence
of unwanted radioactive substances in the
environment. These substances emit
ionizing radiation-high-energy particles or
waves-that can damage living tissue and
genetic material.

Causes of Radioactive Pollution

1= Nuclear Accidents (Catastrophic Events)
These are the most dramatic and
far-reaching causes.

o Nuclear Power Plant Accidents: E.g.,
Chernobyl (1986), Fukushima Daiichi
(2011). Meltdowns, explosions, and
failures of containment systems
release large quantities of
radionuclides (like Cesium-137,
lodine-131, Strontium-90) into the
atmosphere and water.

o Nuclear Weapons Testing: Historical
atmospheric (pre-1963) and
underground tests spread radioactive
fallout globally. Key sites include the
Marshall Islands, Semipalatinsk
(Kazakhstan), and Nevada Test Site.

o Accidents Involving Nuclear
Vessels: Sunken submarines (e.g.,
Kursk) or lost nuclear weapons can
leak radioactivity over time.

2. Nuclear Fuel Cycle Activities
e Uranium Mining and Milling:
Produces radioactive waste rock
(tailings) that can contaminate soil and
groundwater with radium and radon

gas.
o Fuel Fabrication and Reprocessing
Plants: Can release low-level

radioactive gases and liquids if not
strictly controlled. Major reprocessing

sites (e.g., Sellafield UK, La Hague
France) have historically contributed to
marine pollution.

o Radioactive Waste Disposal: The
most persistent cause. Inadequate
storage or disposal of Low-Level Waste
(LLW), Intermediate-Level Waste
(ILW), and especially High-Level
Waste (HLW-spent nuclear fuel) risks
long-term leakage into the
environment. There is still no
permanent  geological repository
operational for HLW globally.

1=~ Medical and Industrial Uses

o Medical Diagnostics and Therapy:
Use of radioisotopes (e.g.,
Technetium-99m, lodine-131). While
beneficial, improper disposal of
contaminated equipment, patient
waste, or unused sources can cause
localized pollution.

o Industrial Applications:
Radioisotopes in radiography (to
inspect welds), density gauges, and
smoke detectors. Accidental loss, theft,
or improper disposal of these sources
(orphaned sources) has caused
serious incidents (e.g., Goiania
accident in Brazil, 1987).

o Research Activities: Universities and
labs using radioactive materials can be
sources of minor contamination.

1= Natural Sources
e Cosmic Radiation: Increases with
altitude (air travel, high-altitude cities).
o Terrestrial Radiation: From naturally
occurring radioactive materials
(NORM) in the Earth's crust, such as
uranium, thorium, and radon gas.
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Radon seeping from granite bedrock
into basements is a significant cause of
natural radioactive pollution in homes.

Effects of Radioactive Pollution

The severity of effects depends on the
radioisotope, its half-life, the dose, duration
of exposure, and the type of radiation
(alpha, beta, gamma).

1= Effects on Human Health

o Acute Radiation Syndrome (ARS):
Caused by very high doses in a short
time (as in nuclear accidents).
Symptoms include nausea, vomiting,
hair loss, burns, bone marrow
destruction, and death.

o Cancer: The primary long-term risk.
lonizing radiation can damage DNA,
leading to leukemia, thyroid cancer
(from lodine-131), lung cancer, and
breast cancer. Effects may appear
years or decades later.

o Genetic and Teratogenic Damage:

- Genetic: Damage to sperm or egg
cells can cause mutations passed
to future generations.

- Teratogenic: Exposure during
pregnancy can cause birth defects,
mental impairment, and stunted
growth in the fetus.

e Other Chronic Conditions: Chronic
exposure to lower doses increases the
risk of cataracts, cardiovascular
disease, and weakened immune
systems.

1= Effects on Ecosystems and Wildlife
o Direct Harm to Organisms: Radiation
can kill cells, cause tumors, and reduce
fertility in animals and plants. High
doses can lead to sterilization and
death.

Bioaccumulation and
Biomagnification: Radionuclides act
like heavy metals. They are absorbed
by plants (from soil), consumed by
animals, and become concentrated up
the food chain. For example:
- Cesium-137 mimics potassium and
accumulates in muscles.

- Strontium-90 mimics calcium and
accumulates in bones and teeth.
Soil and Water Contamination:
Contaminated land (e.g., Chernobyl
Exclusion Zone, areas around
Fukushima) can remain uninhabitable
and unfit for agriculture for centuries to

millennia due to long-lived isotopes.
Loss of Biodiversity: Severe
contamination can create "dead
zones," reducing species diversity and
altering ecosystem structure.

1= §ocio-Economic and Long-Term Effects

Land and Resource Exclusion: Large
areas can become permanently or
temporarily unusable for habitation,
farming, or forestry, leading to
permanent displacement of
communities.

Economic Devastation: Costs of
cleanup (remediation), healthcare,
compensation, and lost economic
activity from accidents run into
hundreds of billions of dollars.
Psychological Trauma: Affected
populations suffer from chronic stress,
anxiety, and stigma ("hibakusha"
effect), fearing future health problems
and social exclusion.

Transboundary and Long-Lived
Legacy: Radioactive clouds and
oceanic currents do not respect
borders. The half-lives of key pollutants
define the problem:
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- lodine-131:

Half-life 8 days

(short-term thyroid hazard)

- Cesium-137 & Strontium-90:
Half-life ~30 years (decades-scale
contamination)

- Plutonium-239: Half-life 24,000
years (geological-scale hazard)

1= Key Distinctions in Impact
o External vs. Internal Hazard:

- External: Gamma emitters (like
Cesium-137) pose a hazard from
outside the body.

- Internal:

Alpha emitters (like

Plutonium) are most dangerous if
inhaled or ingested, where they
intensely damage nearby cells.
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o Half-life: Determines the duration of

the hazard. Short-half-life materials are
intensely radioactive but short-lived;
long-half-life  materials are less
radioactive per gram but pose a threat
for millennia.

D. Indian Context

1.

Nuclear Power: 22 reactors (6,780
MW), plans for 22,480 MW by 2031

. Uranium Mining: Jaduguda

(Jharkhand), Tummalapalle (AP)

Background Radiation: Kerala coast
(8-10 mGylyear vs. 2.4 mGy global avg)
Accidents: Mayapuri (2010) - Co-60
source mishandling, 1 death

BASIC POLLUTION ABATEMENT PRACTICES & TECHNOLOGIES
Air Pollution Abatement

Pollution abatement refers to strategies,
practices, and technologies employed to
prevent, reduce, or eliminate the release of
pollutants into the environment. Effective
abatement follows the pollution hierarchy:
Prevention > Minimization > Control/
Treatment > Disposal.

B. Particulate Matter (PM) Control Technologies

1= Prevention & Source Control Practices

o Fuel Switching: Using cleaner fuels

(natural gas instead of coal, low-sulfur
coal).

Process Modification: Changing
industrial processes to reduce pollutant
generation (e.qg., closed-loop systems).
Good Operating Practices: Regular
maintenance, optimized combustion to
ensure complete burning (reduces CO
& soot).

Technology Principle Typical Efficiency Common Applications
Gravity Settling Reduces gas velocity to  Low (only for large Pre-cleaner in cement,
Chamber let particles settle by particles >50 pym) mining industries.

gravity.
Cyclone Separator Uses centrifugal force to Moderate (for Sawmills, grain
throw particles against  particles >10 pm) elevators, pre-cleaner
walls; particles fall into for boilers.
collector.
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Baghouse Filter
(Fabric Filter)

Gas passes through
fabric bags; particles are
collected on fabric
surface.

Very High (>99% for
PM35)

Power plants, cement
kilns, steel plants.

Electrostatic

Gas passes through

Very High (>99%)

Thermal power plants,

captured in liquid
droplets
(water/chemical).

gases)

Precipitator (ESP)  charged wires/plates; pulp & paper mills.
particles get charged &
are attracted to
collecting plates.

Wet Scrubber Particulates are High (also captures Chemical industries,

incinerators.

Air Pollution Control Technologies
Particulate Control

Technology Efficiency Principle Applications
Electrostatic Precipitators 99%+ Charge particles, collect Thermal power plants,
(ESP) on plates cement, steel
Bag Filters/Fabric Filters 99.9%+ Physical filtration Chemical,

through fabric pharmaceutical, food
Cyclone Separators 80-90% Centrifugal force Pre-cleaner, large
particle removal
Wet Scrubbers 95-99% Liquid spray captures  Acid mists, combined
particles with gas removal
Settling Chambers 40-60% Gravity settling Large particles,

pre-treatment

Gaseous Pollutant Control

Injection

Pollutant Control Technology Mechanism Indian Examples
SO, Flue Gas Limestone slurry — Mandatory for new
Desulfurization (FGD) gypsum coal plants
NO, Selective Catalytic NH; + NO, —» N, + H Delhi power plants,
Reduction (SCR) ,O (catalyst) refineries
VOCs Catalytic Oxidizers Oxidation to CO, + Paint shops, chemical
H,0 plants
CO/Hydrocarbons Catalytic Converters Pd/Pt/Rh catalysts All petrol vehicles
post-1995
Mercury Activated Carbon Adsorption Pilot projects in India
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1= Vehicular Pollution Control

o Bharat Stage (BS) Standards: BS-VI
implemented 2020

o Electric Vehicles (EVs): FAME India
scheme, target 30% by 2030

o Public Transport: Metro systems,
CNG buses in Delhi

o Traffic Management:
schemes, congestion pricing

Odd-even

1= Agricultural Measures
o Happy Seeder: Direct sowing through
crop residue
o Bio-decomposers:
decomposer for stubble
o Crop Diversification: Alternative to
rice-wheat system

Gaseous Pollutant Control
Technologies

e Absorption (Wet Scrubbing):
Pollutant gas is dissolved in a liquid
solvent.

o Example: Flue Gas Desulfurization
(FGD) uses alkaline slurry (limestone)
to remove SO, from power plant
emissions.

o Adsorption: Pollutant gas is adhered
to the surface of a solid adsorbent (e.g.,
Activated Carbon for VOCs, mercury).

o Catalytic Converters: Used in
vehicles. A catalyst (Pt, Pd, Rh)
converts NOx to N,, and CO &
hydrocarbons to CO, and H,O.

o Biofilters/Trickling Filters: Use
microbial biofilms to biologically
degrade gaseous pollutants (H,S,
VOCs).

PUSA
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Water Pollution Abatement

1= Municipal/Urban Wastewater Treatment
(Multi-Stage Process)
1. Primary Treatment (Physical)
o Screening: Removes
(rags, sticks, plastics).
e Grit Chamber: Removes sand, grit,
and small stones by sedimentation.

large debris

e Primary Sedimentation Tank:
Settleable organic/inorganic  solids
settle as primary sludge.

2. Secondary Treatment (Biological)

e Principle: Use of aerobic

microorganisms to degrade

biodegradable organic matter.
o Technologies:

- Activated Sludge Process (ASP):
Aeration tank mixes wastewater
with  microbial floc (activated
sludge), followed by secondary
settling.

- Trickling Filters: Wastewater
trickles over a bed of rocks/plastic
media coated with microbial biofilm.

- Oxidation Ponds/Lagoons:
Large, shallow ponds where algae
supply O, and bacteria degrade
organics (natural process).

3. Tertiary/Advanced Treatment
(Chemical/Physical)
o Used when very high-quality effluent is
needed (to remove nutrients, heavy
metals, pathogens).

¢ Methods: Chemical
coagulation-flocculation, filtration
(sand, membrane), disinfection

(chlorination, UV, ozonation), nutrient
removal (biological/chemical
precipitation of N & P).
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1= Industrial Wastewater Treatment
o Effluent Treatment Plants (ETPs):
Industry-specific, often include:
- Equalization Tanks to homogenize
effluent flow and quality.
- Chemical Precipitation for heavy
metal removal.
- Advanced Oxidation Processes
(AOPs) for recalcitrant organic
compounds.

1= Low-Cost & Natural Systems

e Constructed Wetlands:
wetlands where plants,
microbes remove pollutants via
filtration, adsorption, and biological
uptake. Effective for municipal and
some industrial wastewaters.

o Stabilization Ponds: Series of
anaerobic, facultative, and maturation
ponds. Low-cost, low-energy, suitable
for small communities.

Artificial
soil, and

1=~ Water Pollution Control
1. Wastewater Treatment Levels:

Treatment Processes Removal Output
Level Efficiency Quality
Preliminary Screening, 5-10% Pre-treatm
grit solids ent
removal

Primary = Sedimenta 50-70%  Settled
tion, solids, wastewater
flotation  25-40%

BOD

Secondary Activated 85-95% Secondary
sludge, BOD, effluent
trickling 80-90%
filters pathogens

Tertiary/Ad Filtration, 99% Reusable

vanced disinfection, pathogens, water
nutrient 80-95%
removal  nutrients
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Sludge Anaerobic Pathogen Biosolids
Treatment digestion, reduction, forland
composting biogas

2. Low-Cost Treatment Options:

« Waste Stabilization Ponds: Anaerobic,
facultative, maturation ponds

e Constructed Wetlands:
treatment with plants

o DEWATS: Decentralized wastewater
treatment systems

o Phytoremediation: Water hyacinth,
duckweed for nutrient removal

3. River Action Plans:

o Ganga Action Plan (GAP): Phase |
(1985), 11 (1993-2008), Namami Gange
(2014-present)

e NRCP: National River Conservation
Plan for 34 rivers

¢ Yamuna Action Plan: Three phases
since 1993

Natural

1= Industrial Wastewater

Common Effluent Treatment Plants
(CETPs): 193 operational, 40 under
construction

e Zero Liquid Discharge (ZLD): Textile,
pharma, power sectors

o Water Minimization: Recycle, reuse,
process modification

1= Drinking Water Treatment:

o Conventional:
Coagulation-flocculation,
sedimentation, filtration, disinfection

o Advanced: RO, UV, ozonation for
specific contaminants

e Community  Systems: Arsenic/
fluoride removal plants in endemic
areas
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il Pollution Abatement &
mediation

Ex-Situ Methods (Soil is excavated and
treated elsewhere)

Landfilling: Controlled, secure
landfills with liners to prevent leachate
from contaminating groundwater (for
highly toxic waste).

Incineration: Burning contaminated
soil at high temperatures to destroy
organic pollutants (expensive, risk of
air pollution).

Soil Washing: Physically separating
contaminants (like heavy metals) from
soil using water/chemical solutions.

In-Situ Methods (Soil is treated on-site)

Bioremediation: Using microorganisms
(bacteria, fungi) to degrade organic
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pollutants (oil, pesticides) into less
harmful substances.
Phytoremediation: Using plants to
extract, degrade, or immobilize
contaminants.

Phytoextraction: Plants absorb and
concentrate metals in harvestable
parts (e.g., Brassica juncea for lead).
Phytostabilization: Plants reduce
mobility of contaminants (e.g., grasses
on mine tailings).
Rhizodegradation: Plant
stimulate  microbes to
organics in the rhizosphere.
Chemical Remediation: Adding
amendments to immobilize
contaminants (e.g., lime to reduce
metal mobility).

roots
degrade

1= Soil Pollution Remediation
1. Physical Methods:
Method Principle Applicability Cost
Excavation & Remove Small areas, urgent risk Very high
Disposal contaminated soll
Soil Washing Separate Sandy soils, metal High
contaminants using contamination
water/chemicals

Vitrification Melt soil to glass-like Small volumes, radioactive/ Very high
solid hazardous

Thermal Desorption Heat to volatilize Organic pollutants (VOCs, High
contaminants fuels)

2. Chemical Methods:
o Chemical Oxidation: Fenton's reagent, ozone for organics
o Stabilization/Solidification: Cement, lime to immobilize metals
o Soil Flushing: Inject/extract solution to remove contaminants
o Electrokinetic Remediation: Electric field moves contaminants
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3. Biological Methods (Bioremediation):

Type Organisms Used Contaminants Examples in India
Phytoremediation  Plants (sunflower, Metals, organics, Mustard for Pb,
mustard, poplar) nutrients sunflower for U
Rhizoremediation  Plant-microbe Petroleum, pesticides Grasses + bacteria for
interactions oil spills
Mycoremediation  Fungi (white rot fungi)  PAHSs, dyes, explosives Research stage
Microbial Bacteria Petroleum, chlorinated ONGC oil spill cleanup
Remediation (Pseudomonas, compounds
Bacillus)
Vermiremediation Earthworms Organic matter, some Municipal solid waste
metals processing

4. Agricultural Soil Management:
e Organic Farming: Reduce chemical inputs
o Contour Farming: Reduce erosion and runoff
o Cover Crops: Prevent leaching, improve soil health
o Buffer Strips: Vegetated areas along water bodies

Solid Waste Management & Abatement
Following the 3Rs Hierarchy is crucial:

1. Reduce: Minimize waste generation at source (e.g., reusable bags, minimal
packaging).

Reuse: Using items repeatedly (e.g., bottles, containers).

Recycle: Processing waste into new products (paper, glass, metals, plastics).
Recovery: Energy recovery from waste (Waste-to-Energy plants).

Disposal: Sanitary Landfilling (engineered with liners and leachate collection systems)
is the last resort, replacing open dumping.

Composting: Biological decomposition of organic solid waste (kitchen, garden) into
nutrient-rich compost. An effective method for waste reduction and soil improvement.

A

1= 2. Waste Management:

Waste Type Treatment Disposal Indian Facilities
Low Level (LLW) Compaction, Near-surface disposal Waste Immobilization
incineration Plants
Intermediate Level Cementation, Engineered facilities Trombay, Tarapur
(ILW) bituminization
High Level (HLW) Vitrification (glass) Deep geological Under research
disposal
Spent Fuel Storage pools, dry Reprocessing or Tarapur, Kalpakkam
casks disposal
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= 3. Remediation:

Containment: barriers to
prevent spread

Removal: Excavation of contaminated
soil

Natural attenuation: Monitoring with
institutional controls

Capping,

o Phytoremediation: Sunflowers for
Sr-90, Cs-137
1= 4. Personal Protection:
e ALARA nprinciple: As Low As

Reasonably Achievable

Shielding: Lead, concrete, water for
gamma; plastic for beta
Distance: Inverse square law
Time: Limit exposure duration
Monitoring: Dosimeters,
monitors

area

Noise Pollution Control

Source Control: Use of quieter
machines, proper lubrication, mufflers
on vehicles.
Transmission Path Control:
- Acoustic Barriers: Walls, earth
berms along highways.
- Green Belts: Trees and shrubs
absorb and scatter sound waves.
- Insulation: Double-glazed
windows, acoustic tiles in buildings.
Receptor Protection: Use of earplugs
or earmuffs in noisy environments.
Planning & Zoning: Separating
residential areas from industrial zones
and airports.

1= D. Noise Pollution Control
1. Source Control:

Equipment Low-noise
machinery
Maintenance: Regular servicing of

vehicles/equipment

design:

Learning Media Publication

Operational controls: Limit hours,
speed restrictions

Acoustic barriers: Walls, berms along
highways

2. Path Control:

Distance: Increase source-receiver
distance
Barriers: Noise walls (4-8 dB
reduction)

Absorption: Vegetation (2-3 dB/100m
dense trees)

Building orientation: Windows away
from noise sources

3. Receiver Control:

Ear protection: Earplugs, earmuffs for
workers

Building design:
acoustic insulation

Double-glazing,

Zoning: Separate residential from
industrial areas
Regulations: Silence zones, noise

limits, monitoring

4. Transportation Noise:

Tires: Low-noise tire designs
Pavement: Porous asphalt reduces
tire noise

Rail: Welded tracks, noise barriers
Aircraft: Quieter engines, flight path
optimization

Radioactive Waste Abatement

Basic Principle: Contain, Concentrate,
and Isolate waste from the biosphere.

Classification & Management:

Low-Level Waste (LLW): Slightly
contaminated (lab clothes, tools).
Stored in shielded containers, often in
near-surface disposal facilities.

Intermediate-Level Waste (ILW):
Requires shielding (chemical sludge,
reactor components). Solidified in
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cement/bitumen, stored in engineered facilities.
o High-Level Waste (HLW): Highly radioactive spent nuclear fuel or reprocessing
waste. Most critical. Treated by vitrification (immobilization in glass), sealed in steel
canisters, and destined for deep geological repositories (500-1000m underground) for
long-term isolation.

1= E. Radioactive Pollution Control
1. Prevention & Containment:
o Multiple barriers: Fuel cladding, reactor vessel, containment building
o Waste minimization: Volume reduction, recycling

« Decommissioning: Safe closure of facilities
o Regulation: AERB (Atomic Energy Regulatory Board) oversight
- Comparative Table: Core Abatement Strategies
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Pollution Key Prevention Key Control/Treatment Key Low-Cost/Natural
Type Strategy Technology Method
Air Cleaner fuels, process ESPs, Bag Filters, Green belts (for
changes Scrubbers particulates)
Water Water conservation, Activated Sludge Constructed Wetlands,
toxics use reduction Process, ETPs Oxidation Ponds
Soil Judicious agrochemical  Ex-situ: Incineration Phytoremediation
use, proper waste In-situ: Bioremediation
disposal
Solid Waste Source Reduction (3Rs) Sanitary Landfilling, WtE Composting
plants
Noise Quieter machinery Acoustic Barriers, Green Belts
design Insulation
Radioactive Minimize waste Vitrification, Engineered  (Not applicable; requires
generation Storage high-tech solutions)
<€ »

GLOBAL LAND COVER AND LAND USE CHANGE

Land Use and Land Cover Change (LUCC) is a central component of global environmental
change, driven by complex interactions between human needs and the natural
environment. It directly alters ecosystem structure and function, impacting biodiversity,
climate, and human well-being. Understanding its patterns, drivers (proximate like
agriculture and underlying like policy), and consequences (e.g., carbon flux, habitat
developing sustainable land management policies,
conservation strategies (like REDD+ and PES), and achieving global sustainability goals
(SDGs). Monitoring relies heavily on remote sensing (NDVI, Landsat) and modeling.

fragmentation)

is crucial for
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Land Cover vs. Land Use

e Land Cover: The physical and
biological material covering the Earth's
surface. It describes the observable
biophysical features.

o Examples: Forests, grasslands,
croplands, urban concrete, wetlands,
bare soil, water bodies, ice/snow.

e Key Point: It's what you see from
satellite imagery (e.g., canopy, water,
pavement).

e Land Use: The human purpose or
economic function applied to a piece of

land. It describes the socioeconomic
activities.

o Examples: Agriculture, forestry,
recreation, residential, industrial,
conservation.

o Key Point: The same land cover can
have multiple uses (e.g., a forest used
for timber, recreation, and biodiversity

conservation).
Comparison Table: Land Cover vs. Land Use
Feature Land Cover Land Use
Definition  Biophysical Purpose to
state of Earth's which land is
surface put by humans
Nature Descriptive & Socioeconomic
physical & functional
Focus "What is there?" "How is it
(e.g., trees, used?" (e.g.,
water) farming,
housing)
Detection  Primarily Requires
Method remote sensing ground truthing,
(satellites) surveys, zoning
maps
Examples Deciduous Protected area,
forest, plantation
mangrove, forestry,
paddy field suburban
development
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Land Use/Cover Change (LUCC)

The modification, conversion, or
maintenance of land cover and use. It
includes both changes in state (e.g., forest
— cropland) and changes in management
intensity (e.g., subsistence farming —
intensive irrigation).

Types of Change:
. Conversion (or Modification): A
complete change from one cover/use
class to another (e.g., deforestation for
agriculture).

2. Transformation (or Management
Change): Change in the intensity or
management of an existing land use
class (e.g., natural forest - commercial
timber plantation).

Drivers of Land Use/Cover Change

1= A. Direct (Proximate) Drivers
(Immediate human activities)

o Agricultural Expansion: Largest
driver globally (especially in tropics for
soy, palm oil, cattle).

o Urbanization/Infrastructure
Expansion: Cities, roads, dams (leads
to urban sprawl and habitat
fragmentation).

o Logging (Legal & lllegal): For timber,
fuelwood, pulp.

e Mining & Extraction:
mining, oil/gas extraction
large-scale land degradation.

o Water Resource Projects:
dams, irrigation canals.

Open-cast
causing

Large

1= B. Indirect (Underlying) Drivers (Root
causes enabling direct drivers)
o« Demographic: Population growth,
density, migration, urbanization trends.



Economic: Market demands,
globalization, trade policies, poverty,
land tenure systems.

Technological: Advances in
agriculture (mechanization, high-yield
varieties), logging equipment.
Institutional/Policy: Land use zoning,
subsidies (e.g., for cash crops),
property rights, weak enforcement of
environmental laws.

Cultural/Social: Consumption
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1= B. Agricultural Intensification &

Extensification

« Intensification: Increasing output per

unit area (more irrigation, fertilizers,
pesticides). Can lead to soil
degradation, eutrophication.
Extensification: Increasing output by
bringing more land under cultivation
(leading to deforestation/grassland
conversion).

patterns, dietary shifts (more meat), 5= C. Urbanization & Land Sealing

societal values toward nature. o Growth of cities and peri-urban areas

. replacing natural/agricultural land.
MaIOI‘ Patterns of Global Change e "Urban Heat Island" effect, increased
surface runoff, loss of productive sail,

. . .
A. Deforestation & Forest Degradation habitat fragmentation.

o Hotspots: Amazon Basin (Neotropics),
Congo Basin (Africa), Southeast Asia 1= D, Desertification & Land Degradation
(Indonesia, Malaysia). « The process by which fertile land

Causes: Slash-and-burn agriculture,
cattle ranching, commercial logging,
palm oil & rubber plantations.
Impacts: Biodiversity loss, release of
stored carbon (contributing to climate
change), disruption of hydrological
cycles, soil erosion.

becomes desert, typically due to
drought, deforestation, or inappropriate
agriculture (overgrazing,
overcultivation).

Key Areas: Sahel region of Africa, parts
of Asia (Aral Sea basin), drylands
worldwide.

MULTIPLE IMPACTS OF LAND USE CHANGE

Biogeochemical Cycles

1= Carbon Cycle:
o Major Impact: Land-use change is the

1= Hydrological Cycle:
e Increased Surface Runoff & Flooding:
Loss of vegetative cover reduces
infiltration and interception.

second-largest source of
anthropogenic CO, emissions (after
fossil fuel combustion).

Mechanism: Deforestation and soll
disturbance release stored carbon from
biomass and soil organic matter.
Reduced carbon sink capacity as
forests (key carbon sinks) are lost.

Reduced Evapotranspiration: Affects

downwind rainfall patterns (e.g.,
Amazon's "flying rivers").
Altered Groundwater  Recharge:

Affecting water tables.
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1= Nitrogen Cycle

Intensive agriculture leads to N-fertilizer
runoff — eutrophication of water bodies,
emission of N,O (a potent greenhouse

gas).
Biodiversity Loss

o Habitat Loss: The primary driver of
species extinction worldwide.

o Habitat Fragmentation: Creates
isolated ‘"island" habitats, reducing
genetic exchange, increasing edge
effects, and threatening wide-ranging
species.

o« Example: The Atlantic Forest of Brazil
(~7% of original cover remains, highly
fragmented).

Climate Feedbacks

o Albedo Change: Replacing dark
forests (low albedo) with
cropland/pasture (higher albedo) can
have a local cooling effect, but this is
often outweighed by carbon release.

e Changes in Latent Heat Flux:
Reduced evapotranspiration from
deforested areas leads to higher local
temperatures and reduced humidity.

Monitoring & Assessment Tools

1=~ Remote Sensing & GIS
e Primary tool for detecting land cover
change at global/regional scales.
o Satellite Platforms: Landsat
(NASA/USGS), MODIS, Sentinel (EU).
o Key Metrics/Indices:

- NDVI (Normalized Difference
Vegetation Index): Measures
"greenness" and vegetation health.

- Land Cover Classification Maps:
Generated from satellite imagery.
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1= Models for Projection

Integrated Assessment Models
(IAMs): Combine socioeconomic and
biophysical data to project future LUCC
under different scenarios (e.g., IPCC
SSPs - Shared Socioeconomic Pathways).
Cellular Automata Models: Simulate
urban growth patterns.

Conservation & Sustainable
Management

1= Strategies to Mitigate Negative Change

Protected Areas: Establishing and
effectively managing national parks,
wildlife sanctuaries.

Sustainable Forest Management
(SFM): Certification schemes (e.g.,
FSC - Forest Stewardship Council).
Agroforestry & Silvopasture:
Integrating trees into agricultural
landscapes.

Land-Use Planning & Zoning:
Scientific spatial planning to balance
development and conservation.
Payments for Ecosystem Services
(PES): Compensating landowners for
maintaining services like carbon
storage, watershed protection (e.g.,
REDD+ - Reducing Emissions from
Deforestation and Forest Degradation).

1= International Frameworks

UN Convention to Combat
Desertification (UNCCD)

UN Framework Convention on
Climate Change (UNFCCC) - with
focus on forests (REDD+).
Convention on Biological Diversity
(CBD) - Aichi/SKM Targets (30x30).
UN Sustainable Development Goals
(SDGs): Particularly SDG 15 (Life on
Land).
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«GLOBAL CLIMATE CHANGE-CAUSES, EFFECTS & MITIGATION»

Definition of Climate Change: A
significant and lasting change in the
statistical distribution of weather patterns
over periods ranging from decades to
millions of years. As per IPCC, it refers to
any change in climate over time, whether
due to natural variability or as a result of
human activity (anthropogenic).

1= Key Distinctions:

o Weather: Short-term atmospheric
conditions (hours to weeks).
o Climate: Long-term average of

weather patterns (typically 30+ years).

o Global Warming: The long-term
increase in Earth's average surface
temperature (a major aspect of climate
change).

Causes of Climate Change

1= Natural Causes (Pre-Industrial)
1. Astronomical Factors (Milankovitch
Cycles): Changes in Earth's orbit, tilt,

and wobble over thousands of years,
altering solar radiation distribution.

2. Solar Variability: Small changes in the
Sun's energy output (solar cycles).

3. Volcanic Eruptions: Inject aerosols
(sulfate particles) and ash into the
stratosphere, reflecting sunlight and
causing short-term cooling (1-3 years).
Example: 1991 Mount Pinatubo
eruption.

4. Natural Greenhouse Effect: Essential
for life; caused by natural levels of H, O,
CO,, CH,, N,O keeping Earth ~33°C
warmer.

1= Anthropogenic (Human) Causes - The
Enhanced Greenhouse Effect

Human activities are overwhelmingly the

dominant cause of observed warming since

the mid-20th century (IPCC ARG).

Primary Greenhouse Gases (GHGs) & Their Sources

Greenhouse Global Warming Atmospheric
Gas Major Anthropogenic Sources Potential Lifetime
(GWP-100)
Carbon Dioxide  Fossil Fuel Combustion (coal, oil, gas), 1 (Baseline) 100-1000 years
(CO,) Deforestation/Land Use Change
(reduces sinks).
Methane (CH,)  Agriculture (ruminant livestock, rice 28-36 ~12 years
paddies), Fossil fuel extraction (leaks),
Landfills, Wastewater.
Nitrous Oxide (N Agricultural soils (synthetic fertilizers, = 265-298 ~121 years
,0) manure), Industrial processes, Fossil
fuel combustion.
Fluorinated Refrigerants, Aerosols, Insulation, Very High (1000s Decades to
Gases (HFCs, Electrical transmission. to 23,500) 1000s of years
PFCs, SFyg)
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1= Key Drivers:
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1. Energy Sector: Burning of fossil fuels for electricity, heat, and transport (~73% of
global GHG emissions).

2. Agriculture, Forestry & Other Land Use (AFOLU): Deforestation, livestock, soil
management (~18%).

3. Industrial Processes: Cement production, chemical manufacturing.

4. Waste Management: Landfills (CH ,), wastewater treatment.

Effects of Climate Chage

Physical & Climatic Effects

System

Observed Changes

Projected Impacts (if trends
continue)

Temperature

Global surface temp T ~1.1°C since
1880 (IPCC ARS).

Warming greater over land than
oceans, highest in Arctic.

Likely to reach 1.5°C between
2030-2052.
2.0-4.5°C+ by 2100 under

high-emission scenarios.

Precipitation

Increased heavy precipitation events.
Altered patterns (wetter high-latitudes,
drier subtropics).

Enhanced variability: more intense
droughts and floods.

Monsoon shifts affecting billions.

Cryosphere Rapid shrinking of glaciers worldwide. | Near-complete loss of summer Arctic
Decline in Arctic sea ice extent & sea ice by mid-century.
thickness. Continued glacier loss affecting water
Thawing permafrost (releasing more | supply.
GHGs).
Oceans Ocean warming (absorbing >90% of SLR of 0.3-1m+ by 2100, threatening
excess heat). coasts.
Ocean acidification ({pH due to Widespread coral bleaching & marine
absorbed CO2). ecosystem collapse.
Sea level rise (thermal expansion +
meltwater).
Extreme Increased frequency/intensity More frequent compound events (e.g.,
Events of heatwaves, wildfires, cyclones, heat + drought).

floods.

1= Ecological & Biological Effects
1. Phenological Shifts:

o Earlier flowering, leaf-out, fruiting in many temperate species.

o Mismatch with pollinators or seed dispersers (trophic asynchrony).

2. Range Shifts:

o Poleward & upward (altitudinal) migration of species.
o Example: Alpine plants forced to higher elevations, facing "mountain-top extinction."
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3. Biodiversity Loss:

o Extinction risk increases, especially for
endemic species with narrow climatic
niches (e.g., cloud forest plants).

o Coral reef collapse due to bleaching
(loss of symbiotic algae).

4. Ecosystem Structure & Function Change:

o Forest dieback due to drought stress
(e.g., pine beetles in North America).

o Shift from forests to savannas in some
vulnerable tropical areas (Amazon
dieback risk).

e Increased invasive species success
due to disturbed niches.

5. Physiological Stress:

o Reduced crop vyields in tropics (wheat,
maize, rice).

e Altered plant chemistry (C:N ratios,
secondary metabolites).

o Ocean acidification impacts calcifying
algae (coccolithophores) and
phytoplankton base of marine food
webs.

1= C. Societal & Economic Impacts
e Food & Water Security: Reduced
agricultural productivity, water scarcity.
o« Human Health: Heat stress, spread of
vector-borne diseases (malaria,
dengue), malnutrition.

¢ Infrastructure & Settlements:

Coastal flooding, damage from
extreme events.
o Displacement & Conflict: Climate

refugees, resource-based conflicts.

Mitigation Strategies for Climate
Change

Mitigation Definition: Human intervention to
reduce the sources or enhance the sinks of
greenhouse gases.
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1= Energy Sector (The Largest Target)
1. Transition to Renewable Energy:
e Solar, Wind, Hydropower, Geothermal.
o Bioenergy with Carbon Capture and
Storage (BECCS) - potential negative
emissions technology.

2. Energy Efficiency & Conservation:
o Improve building insulation, efficient
appliances, industrial processes.
o Smart grids and energy storage.

3. Fuel Switching:
o Natural gas (lower CO,) as a transition
fuel replacing coal.
e Green Hydrogen (produced
renewables) for industry/transport.

via

1= Land Use & Forestry (Major Botanical
Role)

1. Reduce Emissions from
Deforestation & Forest Degradation
(REDD+): Financial mechanism to keep
forests standing.

2. Afforestation & Reforestation:
Planting trees on
non-forested/deforested land to act as
carbon sinks.

3. Sustainable Forest Management:
Selective  logging, reduced-impact
logging, longer rotation cycles.

4. Agroforestry: Integrating trees into
farmlands for carbon sequestration, soil
health, and biodiversity.

5. Agricultural Practices:
o Conservation tillage to increase soil
organic carbon.
o Improved fertilizer management to
reduce N, O emissions.
o Methane capture from rice paddies and
livestock (diet modification, manure
management).
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1= Industry & Waste
e Circular Economy: Reduce, Reuse,
Recycle to lower energy demand.
e Carbon Capture & Storage (CCS):

Capturing CO, from industrial
smokestacks and storing it
underground (e.g., in geological

formations).

o Waste Management: Landfill methane
capture, composting,  wastewater
treatment improvements.

1= Policy & Economic Instruments
e Carbon Pricing: Carbon Tax or

Emissions Trading System
(Cap-and-Trade) to make polluters
pay.

e Subsidies & Incentives: For
renewables, electric vehicles,

energy-efficient appliances.
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e Regulations & Standards: Fuel
efficiency standards, building codes,
renewable portfolio standards.

o International Agreements: Paris
Agreement (2015) - aims to limit
warming to "well below 2°C, preferably

1.5°C." Requires Nationally
Determined Contributions (NDCs).
Adaptation Strategies

Adaptation Definition: Adjustments in
ecological, social, or economic systems in
response to actual or expected climatic
stimuli.

1= Botanical & Ecological Adaptation

1. Assisted Migration/Colonization:
Human-assisted movement of species
to climatically suitable areas.

2. Ex-Situ Conservation: Seed banks
(e.g., **Svalbard Global Seed Vault

STRATOSPHERIC OZONE DEPLETION

Stratospheric ozone depletion, primarily
caused by anthropogenic CFCs and
Halons, posed a severe threat to life on
Earth by increasing harmful UV-B radiation.
Its successful mitigation via the Montreal
Protocol stands as a model for international
environmental cooperation. The protocol
not only set the ozone layer on a path to
recovery but also provided massive climate
mitigation co-benefits by phasing out potent
GHGs. Current challenges include
managing substitutes (HFCs via Kigali),
monitoring for illegal emissions, and
addressing unregulated VSLS. Botanical
impacts of increased UV-B are significant,

affecting plant growth, physiology, and
ecosystem productivity.

Definition: The ozone layer is a region in
the stratosphere (15-35 km altitude)
containing relatively high concentrations of
ozone (Oj3) molecules. It forms naturally
when ultraviolet (UV) radiation from the sun
splits molecular oxygen (O,), and the free
oxygen atoms combine with other O,
molecules.

Function: Acts as Earth's sunscreen,
absorbing 97-99% of the sun's harmful
Ultraviolet-B (UV-B: 280-315 nm) and UV-C
(100-280 nm) radiation, which is biologically
damaging.
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CAUSES OF OZONE DEPLETION

1= The Primary Culprit: 0zone-Depleting Substances (0DSs)
ODSs are stable, long-lived halogenated compounds that release chlorine (Cl) and
bromine (Br) atoms in the stratosphere, which catalytically destroy ozone.

Key ODSs & Their Sources:
. . Primary Ozone
g:lg:t::ceengtbnsg) ?:Zer:::ﬁzl Anthropogenic Depletion Remarks
Sources Potential (ODP)*
Chlorofluorocarbo CFC-11 (CCI3F), Refrigerants, 1.0 (Baseline) Most stable and
ns (CFCs) CFC-12 (CCl,F,) Aerosol potent; main
propellants, Foam cause of the
blowing agents, ozone hole.
Solvents.
Halons Halon-1211 Fire extinguishers 3-10 Extremely high
(CBrCIF ,), (especially for ODP due to
Halon-1301 military, aviation). bromine (more
(CBrF3) destructive than
Cl).
Carbon CCl, Solvent, 1.1
Tetrachloride Chemical
feedstock.
Methyl Chloroform CH ;CCl 4 Solvent for 0.1
degreasing.
Hydrochlorofluoro HCFC-22 Transitional 0.01-0.5 "Less harmful"
carbons (HCFCs) (CHCIF,) substitutes for transitional
CFCs (still substances.
deplete ozone,
but less).
Methyl Bromide CH,Br Soil fumigant 0.6 Major natural
(agriculture), Pest source also exists
control in storage. from oceans.

*ODP: A number that refers to the amount of ozone destruction caused by a substance
relative to CFC-11.*

1= The Destruction Mechanism: Catalytic Cycles
1. Release of Halogens: ODSs are inert in the troposphere but are broken down by
high-energy UV-C radiation in the stratosphere, releasing reactive Cl and Br atoms.

2. Catalytic Ozone Destruction:
e« CI+0;—->CIO+0,
e CIO + O — Cl + O4 (The chlorine atom is regenerated)
e Net: 05 +0— 20,
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e One chlorine atom can destroy 100,000

ozone molecules before being
deactivated (e.g., by forming HCI or
CIONO,).

o Bromine (Br) is about 60 times more
effective per atom than chlorine.

1= §pecial Conditions: The Polar Ozone
Hole

The severe depletion over Antarctica (and

to a lesser extent, the Arctic) is caused by a

combination of:

1. Polar Stratospheric Clouds (PSCs):
Form in the extremely cold polar winter
(-78°C). They are made of ice or nitric
acid trihydrate (NAT).

2. Surface Reactions on PSCs: Convert
stable "reservoir" compounds (like HCI
and CIONO,) into photochemically
active forms (Cl,, HOCI). These
accumulate in the dark polar winter.

3. Springtime Sunlight: Returning
sunlight in early Antarctic spring
(Sept-Oct) photolyzes the accumulated
active chlorine, leading to rapid, massive
ozone destruction inside the polar vortex
(a swirling wind pattern that isolates
polar air).

Effects of Ozone Depletion

Increased surface UV-B radiation has direct
and cascading impacts:

1=~ Human Health
o Skin Cancer: Significant increase in
malignant melanoma and
non-melanoma (squamous & basal cell
carcinoma) cancers.
o Eye Damage: Cataracts, photokeratitis
(snow blindness), pterygium.
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¢ Immunosuppression: Reduced
effectiveness of the immune system,
increasing susceptibility to infections.

1= Terrestrial Ecosystems (Botanical
Focus)
1. Plant Physiology & Morphology:
e Reduced Photosynthesis: UV-B
damages Photosystem IlI, degrades

chlorophyll, and reduces Rubisco
activity.
o Stunted Growth: Reduced stem

elongation, leaf area, and dry matter

production.

o Altered Biomass Allocation: More
resources diverted to protective
mechanisms.

2. Biochemical Changes:

o Increased production of UV-absorbing
compounds (e.g., flavonoids,
anthocyanins) as a protective measure.

e Can alter secondary metabolite
production, affecting plant-herbivore
interactions.

3. Phenology & Reproduction: Reduced
pollen germination and tube growth,
affecting fertility and yield.

4. Sensitivity Varies: Crop plants like
peas, beans, squash, and melons are
highly sensitive. Conifers may show
needle damage.

1= Aquatic Ecosystems

o Phytoplankton: Reduced productivity
and cell damage. Phytoplankton form
the base of marine food webs and are
major carbon sinks.

o Zooplankton & Larval Stages:
Increased mortality in fish, shrimp, and
crab larvae.
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e Coral Reefs: Exacerbates coral bleaching and harms symbiotic algae
(zooxanthellae).

1= Biogeochemical Cycles
o Alters carbon cycling by affecting primary producers on land and in oceans.
o Can increase tropospheric ozone (a pollutant) by altering atmospheric chemistry.

1= E. Materials Damage
o Accelerated degradation (yellowing, cracking) of plastics, wood, paints, and rubber.

Mitigation & The Path to Recovery

1= The Montreal Protocol (1987)

e "The single most successful international environmental agreement to date." (Kofi
Annan)

o Goal: Phase out the production and consumption of ODSs.

e Mechanism: Legally binding, with differentiated timelines for developed and
developing countries (Article 5 parties).

« Amendments: Strengthened over time (London, Copenhagen, etc.) to add more
chemicals and accelerate phaseouts.

o Result: Over 99% of ODSs have been phased out globally.

Phasing Out ODSs: Substitutes & Technologies

ODS Category Phase-out Status Common Substitutes
CFCs, Halons, Fully phased out globally (since 2010 HCFCs (transitional, now being
CTC for Article 5). phased out), HFCs (non-ozone

depleting, but potent GHGS).
HCFCs Phase-out in progress (complete by HFOs (Hydrofluoroolefins), Natural
2030 in developed, 2040 in Refrigerants (Ammonia, CO ,,
developing countries). Hydrocarbons like isobutane).
Methyl Bromide  Phased out except for Critical Use Soil solarization, Integrated Pest
Exemptions (CUEs, e.g., quarantine Management (IPM), alternative
purposes). fumigants.

1= Ongoing Challenges & Current Issues
1. Unexpected Emissions: Detection of rising CFC-11 emissions in the 2010s, traced to

unreported production (largely in East Asia), highlighting the need for continued
monitoring and enforcement.

2. HFCs: A Climate Problem: While HFCs saved the ozone layer, they are potent
greenhouse gases (high GWP). Addressed by the Kigali Amendment (2016) to the
Montreal Protocol, which mandates their phase-down.
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3. Very Short-Lived Substances (VSLS): e.g., dichloromethane (CH,Cl,). Not

controlled by the Montreal Protocol, their increasing use in industry could delay ozone
recovery.

4. Nitrous Oxide (N,0): Now the largest ODS emitted by human activities (since CFCs

are phased out). It is also a powerful GHG. Its emission sources (agriculture, industry)
are harder to control.

1= Projected Recovery
o Due to the success of the Montreal Protocol, ODS concentrations in the stratosphere
are slowly declining.
e The Antarctic ozone hole is expected to gradually close, returning to 1980 levels by
around 2065.
o Full global ozone layer recovery to pre-1980 levels is projected by mid-century
(around 2040 for mid-latitudes, 2045 for the Arctic, 2066 for Antarctica - WMO 2022

assessment).
Comparison Table: Ozone Depletion vs. Global Warming
Feature Stratospheric Ozone Depletion Global Climate Change

Primary Cause Halogenated ODSs (CFCs, Greenhouse Gases (CO,, CH,, N
Halons) releasing Cl & Br. ,0, HFCs) trapping heat.

Main Physical Effect  Thinning of the stratospheric ozone Increase in Earth's average surface
layer. temperature.

Key Environmental UV-B Radiation at the surface. Infrared Radiation trapped in the

Driver troposphere.

Major Impact Region Polar regions (especially Antarctica Global, but impacts vary regionally.
- the "hole").

Primary International Montreal Protocol (1987) - Highly ~ UNFCCC & Paris Agreement

Treaty successful. (2015) - Ongoing challenge.

Linkages Montreal Protocol's Kigali Climate change affects ozone
Amendment addresses HFCs recovery (stratospheric cooling can

(climate forcers). alter depletion rates).
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Section A: Very Short Answer Type Questions

1.

10.

Name two primary anthropogenic sources of particulate matter (PM) in urban air.

Ans. Vehicle emissions (especially diesel) and industrial processes (e.g., cement factories,
power plants).

. Define Biochemical Oxygen Demand (BOD).

Ans. BOD is the amount of dissolved oxygen required by aerobic microorganisms to
decompose the organic matter present in a water sample over 5 days at 20°C. It is a key
indicator of water pollution.

. What is the primary cause of eutrophication in freshwater bodies?

Ans. Excessive input of nutrients, primarily nitrogen and phosphorus from agricultural runoff
and sewage, leading to algal blooms and oxygen depletion.

. Name one major greenhouse gas with a global warming potential much higher than CO ,.

Ans. Methane (CH 4) or Nitrous Oxide (N ,0) or Chlorofluorocarbons (CFCs).

. What is the primary function of a catalytic converter in automobiles?

Ans. To reduce emissions of harmful pollutants like carbon monoxide (CO), hydrocarbons
(HC), and nitrogen oxides (NOx) by converting them into less harmful gases (CO ,, N,, H,0).

. Which international treaty is designed to phase out substances responsible for

stratospheric ozone depletion?
Ans. The Montreal Protocol on Substances that Deplete the Ozone Layer (1987).

. What does LULUCF stand for in the context of climate change?

Ans. Land Use, Land-Use Change, and Forestry.

. Define "noise pollution" as per Indian standards.

Ans. Noise pollution is the presence of unwanted or excessive sound that disrupts the natural
environment and causes adverse effects on human health and well-being. As per CPCB,
permissible limits are 55 dB(A) for residential areas during the day.

. Name the radioactive gas that is a major indoor air pollutant and a leading cause of lung

cancer after smoking.
Ans. Radon-222.

What is the main objective of the "4R Principle" in waste management?

Ans. To minimize waste generation and promote sustainable practices through Reduce,
Reuse, Recycle, and Recover.
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Section B: Short Answer Type Questions

11. Differentiate between point source and non-point source pollution with examples
relevant to water pollution.

Ans. Point Source Pollution originates from a single, identifiable source, such as a pipe or ditch
discharging effluent from an industry or sewage treatment plant. Non-Point Source (Diffuse)
Pollution comes from widespread areas with no single discharge point, such as agricultural
runoff (fertilizers, pesticides), urban stormwater runoff, or atmospheric deposition. It is harder to
control and monitor.

12. Explain the formation of photochemical smog and list its major harmful components.

Ans. Photochemical smog is formed when sunlight reacts with primary pollutants-mainly
nitrogen oxides (NOx) and volatile organic compounds (VOCs) from vehicle exhaust and
industrial emissions. This reaction produces secondary pollutants like ground-level ozone (O 3),
peroxyacetyl nitrate (PAN), and aldehydes. It appears as a brownish haze and causes
respiratory issues, eye irritation, and plant damage.

13. Briefly describe the process of biomagnification with an example of arelevant pollutant.

Ans. Biomagnification is the increasing concentration of a persistent, fat-soluble pollutant in the
tissues of organisms at successively higher trophic levels in a food chain. For example, the
pesticide DDT is sprayed on crops, absorbed by small organisms, consumed by small fish, then
by larger fish, and finally by birds of prey like eagles. The concentration of DDT increases at
each level, leading to eggshell thinning and reproductive failure in top predators.

14.What are the major environmental impacts of large-scale deforestation on a global
scale?
Ans. Large-scale deforestation leads to:
(i) Loss of biodiversity and habitat fragmentation,

(ii) Disruption of the global carbon cycle (reducing CO, sinks and adding CO, through
burning),

(iii) Alteration of regional hydrological cycles and increased risk of floods/droughts,
(iv) Soil erosion and loss of fertility, and
(v)Changes in local and regional climate patterns (e.g., reduced rainfall).

15. List three basic principles of "green chemistry"” for pollution abatement at source.
Ans.
(i) Prevention: It is better to prevent waste than to treat or clean up waste after it is formed.

(i) Atom Economy: Synthetic methods should maximize the incorporation of all starting
materials into the final product, minimizing byproducts.

(iii) Safer Chemicals: Chemical products should be designed to be fully effective yet have little
or no toxicity.
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16.

17.

18.

19.

20.

Explain the concept of "Albedo" and its role in climate change.

Ans. Albedo is the fraction of solar radiation (sunlight) reflected by a surface. Ice and snow have
high albedo (0.8-0.9), reflecting most sunlight. Land and ocean have lower albedo, absorbing
more heat. Role in Climate Change: Global warming reduces ice/snow cover (e.g., Arctic sea
ice), lowering the Earth's overall albedo. This leads to more heat absorption, further warming-a
positive feedback loop known as the ice-albedo feedback.

What is the "Urban Heat Island” effect? State its primary causes.

Ans. The Urban Heat Island (UHI) effect is the phenomenon where urban areas are
significantly warmer than their surrounding rural areas, especially at night. Primary causes:

(i) Replacement of vegetation with impervious surfaces (concrete, asphalt) that absorb and
re-radiate heat,

(i) Waste heat from vehicles, industries, and buildings,
(iii) Reduced evapotranspiration due to loss of green cover, and
(iv) The canyon effect of tall buildings trapping heat.

Describe the role of "scrubbers” in controlling industrial air pollution.

Ans. Scrubbers are air pollution control devices that remove particulate matter and/or acid
gases (like SO,, HCI) from industrial exhaust streams. They work by bringing the dirty gas
stream into contact with a scrubbing liquid (usually water or an alkaline solution). Pollutants are
absorbed or dissolved into the liquid, and the cleaned gas is released. Wet scrubbers are
common in thermal power plants to control SO, emissions.

Differentiate between adaptation and mitigation strategies in the context of climate
change.

Ans. Mitigation refers to actions aimed at reducing the source or enhancing the sink of
greenhouse gases to limit the magnitude of future climate change (e.g., shifting to renewable
energy, afforestation). Adaptation involves adjusting to the actual or expected climate change
and its effects to reduce harm or exploit beneficial opportunities (e.g., building sea walls,
developing drought-resistant crops, changing agricultural practices).

What are CFCs and how do they contribute to stratospheric ozone depletion?

Ans. Chlorofluorocarbons (CFCs) are synthetic compounds once widely used as refrigerants,
propellants, and solvents. They are stable in the lower atmosphere but drift to the stratosphere.
There, UV radiation breaks them apart, releasing chlorine (Cl) atoms. A single Cl atom can
catalytically destroy thousands of ozone (O ;) molecules by converting them into oxygen (O ),
leading to the formation of the "ozone hole," especially over Antarctica.

Section C: Long Answer Type Questions

21.

Discuss in detail the causes, consequences, and abatement technologies for one of the
following: (a) Acid Rain or (b) Soil Salinization.
Ans. (a) Acid Rain

Causes: Acid rain (including snow, fog, and dry deposition) is primarily caused by the emission
of sulfur dioxide (SO ,) and nitrogen oxides (NOx) into the atmosphere. Major sources are:
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® Fossil Fuel Combustion: Coal-fired power plants, industrial boilers.
® Vehicle Emissions: Internal combustion engines.

® These gases react with water, oxygen, and other chemicals to form sulfuric acid (H,SO ,)
and nitric acid (HNO 3), which fall to earth.

Consequences:

® Aquatic Ecosystems: Lowers pH of lakes and streams, making water toxic to fish
(especially affecting sensitive species like trout) and aquatic invertebrates. Mobilizes toxic
metals like aluminum from soils into water.

e Terrestrial Ecosystems: Leaches essential nutrients (Ca?", Mg?", K*) from soils,
reducing fertility. Damages foliage, weakens trees (like spruce and fir), and increases
susceptibility to disease, insects, and drought ("Waldsterben" or forest dieback).

® Built Environment: Corrodes buildings, monuments (especially limestone and marble),
statues, and metal structures.

o Human Health: Fine particulates (sulfates and nitrates) in acid haze can cause or worsen
respiratory diseases like asthma and bronchitis.

Abatement Technologies:
1. Pre-combustion: Use low-sulfur coal or wash coal to remove sulfur.

2. During Combustion: Fluidized Bed Combustion (FBC) allows burning at lower
temperatures, reducing NOx formation.

3. Post-combustion (Flue Gas Treatment):
® For SO,: Wet Scrubbers (using limestone slurry) and Dry Scrubbers (using alkaline
sorbents).

® For NOx: Selective Catalytic Reduction (SCR) uses ammonia as a reductant over a
catalyst to convert NOx to N, and H,O.

4. Policy: Implementation of emission trading schemes (e.g., US Acid Rain Program) and
setting stringent emission standards.

(b) Soil Salinization
Causes: It is the accumulation of water-soluble salts (Na*, Ca?*, Mg?", CI~, SO% ) in the
root zone.

® Primary (Natural) Salinization: In arid/semi-arid regions, high evaporation rates draw
salts from deeper soil layers to the surface.

® Secondary (Anthropogenic) Salinization: The major cause, due to poor irrigation
practices:

e Over-irrigation & Poor Drainage: Excess water raises the water table, bringing salts to
the surface. When water evaporates, salts are left behind.

® Use of Saline Irrigation Water.

e Clearing of Deep-Rooted Native Vegetation: Reduces evapotranspiration, raising
water tables.
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Consequences:
e Reduced Plant Growth: High salt concentration creates osmotic stress, making it difficult
for plants to absorb water. lon toxicity (Na*, Cl~) damages cells.

® Soil Structure Degradation: Sodium ions disperse clay particles, destroying soil
aggregates, leading to poor aeration, waterlogging, and crust formation.

® Loss of Biodiversity: Only salt-tolerant (halophytic) species survive.
® Economic Loss: Renders fertile agricultural land unproductive, threatening food security.
Abatement/Reclamation Technologies:

1. Improved Irrigation Management: Drip/micro-irrigation to minimize water use, scheduling
irrigation based on crop need.

2. Engineering Solutions: Installing subsurface drainage systems (tile drains) to lower the
water table and leach salts out of the root zone.

3. Chemical Amendments: Adding gypsum (CaSO, 2H,0) to replace exchangeable
sodium with calcium, improving soil structure.

4. Biological Methods: Planting salt-tolerant crops (halophytes) or using them as
phytoremediators. Using green manures to improve organic matter.

5. Agronomic Practices: Mulching to reduce evaporation, deep plowing to break up
hardpans, and growing cover crops.

22."Land use change is a major driver of global environmental change." Elaborate on this
statement by discussing its multiple impacts on biodiversity, climate, and hydrological
cycles.

Ans. Land use change, particularly the conversion of natural ecosystems (forests, grasslands,
wetlands) to agricultural, urban, or industrial landscapes, is a primary anthropogenic force
reshaping the Earth system.

1. Impacts on Biodiversity:

e Habitat Loss and Fragmentation: This is the single greatest threat to global biodiversity.
Conversion destroys habitats outright, while fragmentation creates isolated "islands" of
habitat. This reduces population sizes, increases edge effects, and impedes animal
movement and gene flow.

® Species Extinction: Leads to local and global extinctions, especially of endemic species
with limited ranges. Tropical deforestation, for instance, is causing massive species loss.

® Homogenization: Replacing diverse native ecosystems with monoculture crops or urban
lawns reduces species richness and functional diversity at landscape scales.

2. Impacts on Climate:

® Greenhouse Gas Emissions: Deforestation and biomass burning directly release vast
amounts of stored carbon (as CO,) into the atmosphere. Land use change is responsible
for ~23% of anthropogenic GHG emissions. Drainage of peatlands releases both CO,
and CH,.
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e Albedo Change: Replacing dark forests with lighter-colored cropland or urban areas can
increase surface albedo, causing a local cooling effect. However, this is often outweighed
by the warming from GHG release.

® Biogeophysical Effects: Changes in vegetation alter surface roughness,
evapotranspiration, and moisture recycling. Large-scale deforestation (e.g., Amazon) can
reduce regional rainfall and increase temperatures, potentially pushing ecosystems past
tipping points.
3. Impacts on Hydrological Cycles:

e Altered Runoff and Infiltration: Impervious surfaces (roads, buildings) increase surface
runoff and reduce groundwater recharge, elevating flood risks. Loss of forest cover
reduces interception and increases overland flow.

e Changes in Evapotranspiration (ET): Replacing deep-rooted forests with
shallow-rooted crops reduces total ET, decreasing atmospheric moisture and downwind
precipitation ("teleconnections").

e Water Quality Degradation: Agricultural and urban runoff increases the loading of
sediments, nutrients (eutrophication), pesticides, and heavy metals into rivers and lakes.

e Disruption of River Flows: Deforestation in watersheds leads to more variable
streamflow-higher peak flows and lower dry-season flows.

Interconnectedness: These impacts are not isolated. For example, deforestation in the
Amazon reduces rainfall (hydrological impact), which increases drought stress, leading to more
forest fires (releasing more CO,), further biodiversity loss, and creating a vicious cycle of
degradation.

Conclusion: Land use change acts as a powerful integrator and amplifier of global change.
Managing land use sustainably is therefore not just a local or regional issue but a critical
imperative for maintaining global biogeochemical cycles, climate stability, and the planet's
life-support systems.

23. Critically analyze the causes and projected effects of global climate change. Discuss a
mix of technological, policy-based, and ecological mitigation strategies.

Ans. Causes of Global Climate Change: The primary cause of contemporary climate change
is the enhanced greenhouse effect due to anthropogenic emissions.

® Primary Drivers: Burning of fossil fuels (coal, oil, gas) for energy, transportation, and
industry, which releases CO ,. Deforestation removes carbon sinks and releases stored
carbon.

® Key Greenhouse Gases: CO, (75% of forcing), CH , (from agriculture, waste, fossil fuel
extraction), N, O (from fertilizers, combustion), and synthetic F-gases.

e Additional Factors: Aerosols (which can have cooling or warming effects), black carbon
(soot), and land use changes.

Projected Effects:

® Temperature: Global mean temperature rise (1.5°C to 5°C+ by 2100 depending on
scenario), with greater warming at poles (polar amplification).
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® Sea Level Rise: Thermal expansion of seawater and melting of glaciers/ice sheets,
threatening coastal cities, islands, and deltas.

o Extreme Weather: Increased frequency and intensity of heatwaves, droughts, heavy
precipitation, and intense tropical cyclones.

e Hydrological Disruption: Altered precipitation patterns, shrinking glaciers affecting river
flows, and worsening water scarcity in many regions.

® Ecosystem Impacts: Coral bleaching, shifts in species ranges, increased extinction risk,
and disruption of ecosystem services.

o Human Impacts: Threats to food security (crop yield changes), water resources, health
(heat stress, disease spread), and economic stability (damage to infrastructure, climate
refugees).

Mitigation Strategies:
1. Technological Strategies:

e Decarbonizing Energy: Rapid scaling up of renewable energy (solar, wind, geothermal).
Developing next-generation nuclear power.

e Energy Efficiency: Improving efficiency in buildings, industries, and transportation
(electric vehicles, public transit).

® Carbon Capture and Storage (CCS)/Carbon Capture, Utilization, and Storage
(CCUS): Capturing CO, from point sources (e.g., power plants) and storing it geologically

or using it.
® Green Hydrogen: Produced via electrolysis using renewable energy.
2. Policy-Based Strategies:

e Carbon Pricing: Implementing carbon taxes or cap-and-trade systems to internalize the
social cost of carbon and incentivize low-carbon choices.

® Regulations and Standards: Fuel efficiency standards, building codes, renewable
portfolio standards (mandating % of energy from renewables).

® Subsidy Reform: Phasing out subsidies for fossil fuels and redirecting them to clean
energy and R&D.

® |nternational Agreements: Strengthening implementation of the Paris Agreement,
including Nationally Determined Contributions (NDCs) and climate finance from
developed to developing nations.

3. Ecological Strategies (Natural Climate Solutions):

® Reducing Emissions from Deforestation and Forest Degradation (REDD+):
Providing financial incentives to conserve forests.

o Afforestation and Reforestation: Planting trees on non-forested land and restoring
degraded forests to act as carbon sinks.

e Agroforestry and Sustainable Agriculture: Practices that sequester carbon in soils and
biomass (e.g., no-till farming, cover cropping).

® Coastal Ecosystem Restoration: Protecting and restoring mangroves, salt marshes,
and seagrass meadows, which are highly efficient "blue carbon" sinks.
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Critical Analysis: No single strategy is sufficient. A successful mitigation portfolio requires an
integrated approach. Technological innovation must be accelerated and made affordable.
Policies must be robust, long-term, and globally equitable to avoid carbon leakage. Ecological
strategies are cost-effective and provide vital co-benefits (biodiversity, water security) but have
finite potential and are vulnerable to reversal (fires, droughts). Urgent, concerted action across
all fronts is needed to limit warming to well below 2°C.

24. Describe the sources, health and environmental effects, and control measures for: (a)
Heavy Metal Pollution in Water/Soil and (b) Noise Pollution.
Ans. (a) Heavy Metal Pollution (e.g., Lead, Mercury, Cadmium, Arsenic)
Sources:
e Industrial: Mining, smelting, electroplating, battery manufacturing, tanneries.

e Agricultural: Use of metal-based pesticides (e.g., arsenic), phosphate fertilizers (contain
Cd), and contaminated irrigation water.

e Urban: Vehicle emissions (lead from leaded gasoline, though phased out), wear of tires
and brakes, leaching from landfills.

e Natural: Weathering of rocks, volcanic eruptions.
Health & Environmental Effects:
e Non-biodegradable & Persistent: Accumulate in soils and sediments.

® Biomagnification: Concentrate up the food chain (notably mercury in fish as
methylmercury).

e Human Health: Neurotoxicity (Pb, Hg), nephrotoxicity (Cd), carcinogenicity (As, Cr VI),
cardiovascular and developmental disorders.

® Ecosystems: Toxic to aquatic life (fish gill damage), soil microbes, and plants (inhibit
growth, enzyme activity).

Control Measures:

1. Source Control: Effluent treatment plants for industries, banning/restricting specific uses
(e.g., lead in paint, gasoline).

2. Treatment Technologies:

e Water: Coagulation-flocculation, precipitation, ion exchange, reverse osmosis,
adsorption (activated carbon, nanomaterials).

e Soil: Phytoremediation (using plants like Brassica juncea for Pb, Pteris vittata for As), soil
washing, solidification/stabilization.

3. Policy: Strict enforcement of standards (e.g., WHO drinking water guidelines), monitoring,
and "Polluter Pays" principle.

(b) Noise Pollution

Sources:
® Transportation: Road traffic (the dominant source), aircraft, railways.
® Industrial: Factories, construction sites, power generators.

e Community/Neighborhood: Loudspeakers (religious/social events), household
appliances, recreational activities.
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Health & Environmental Effects:
e Auditory Effects: Noise-Induced Hearing Loss (NIHL), tinnitus.

® Non-Auditory Effects: Stress, hypertension, cardiovascular disease, sleep disturbance,
cognitive impairment in children, annoyance, reduced productivity.

e Wildlife: Disrupts animal communication, navigation, mating behaviors, and can cause
habitat abandonment. Affects birds and marine life (ship sonar, seismic surveys).

Control Measures:

1. Engineering Controls: At the source (e.g., mufflers on vehicles, acoustic enclosures for
machinery), along the path (e.g., noise barriers along highways, green belts/trees as
buffers), and at the receiver (e.g., soundproofing of buildings, double-glazed windows).

2. Administrative/Legal Controls: Enforcing noise standards for different zones (residential,
industrial, silence zones) as per CPCB norms. Regulating timing of loud activities
(night-time restrictions). Land-use planning to separate noisy industries from residential
areas.

3. Public Awareness: Promoting considerate behavior, use of personal protective equipment
(earplugs/muffs) in high-noise workplaces.

25. Explain the science behind stratospheric ozone depletion. Discuss the effectiveness of
the Montreal Protocol and the emerging challenges in ozone layer recovery.
Ans. Science of Ozone Depletion: The stratospheric ozone (O ;) layer, concentrated 15-35
km above Earth, absorbs harmful UV-B radiation. Its depletion is driven by:
1. Source Chemicals: Ozone Depleting Substances (ODS) like CFCs, halons, HCFCs,
methyl bromide. These are stable, long-lived compounds that drift into the stratosphere.

2. Mechanism: In the stratosphere, strong UV radiation photolyzes ODS molecules, releasing
halogen atoms (Cl, Br).

e Catalytic Cycle (for Cl):
Cl+0;—>CIO+0,
ClO+0—->Cl+0,

® The net reactionis: O3 + O - 20,

A single chlorine atom can destroy ~100,000 ozone molecules before being sequestered in a
reservoir species (like HCl or CIONO ,). The process is most efficient in the unique conditions of
the Antarctic spring: polar stratospheric clouds (PSCs) form in the extreme cold. On the
surfaces of these ice crystals, reservoir compounds are converted back into active Cl ,, which is
photolyzed when sunlight returns, causing a rapid, massive ozone loss-the "ozone hole."

Effectiveness of the Montreal Protocol (1987):
It is arguably the most successful international environmental treaty.
e Universality: Ratified by all UN member states.

e Stringent Controls: Mandated a phase-out schedule for ODS production and
consumption.

® Success Metrics: As a result, atmospheric concentrations of major ODS like CFC-11 and
CFC-12 have peaked and are declining. The Antarctic ozone hole is showing signs of
healing; models predict a return to 1980 levels by ~2060-2075.
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® Co-benefits for Climate: Many ODS are potent GHGs. Phasing them out has delayed
global warming by an estimated 0.5-1°C, making it a major climate mitigation action.

Emerging Challenges:

1. Unexpected Emissions: Recent spikes in atmospheric CFC-11 were traced to illicit
production in eastern China, highlighting the need for continued vigilance and enforcement.

2. Replacement Chemicals: Some ODS replacements, like HFCs (hydrofluorocarbons), are
safe for ozone but are powerful GHWs. The Kigali Amendment (2016) to the Montreal
Protocol now mandates the phase-down of HFCs.

3. Very Short-Lived Substances (VSLS): Compounds like dichloromethane (CH ,Cl ), with

lifetimes <6 months, were not controlled by the Protocol. Their industrial use is increasing,
and they can reach the stratosphere in tropical regions, potentially slowing ozone recovery.

4. Climate Change Interactions: A warming troposphere leads to a cooling stratosphere
(due to increased heat trapping below). A colder stratosphere could prolong PSC formation,
delaying ozone recovery. Changes in atmospheric circulation (e.g., the Brewer-Dobson
circulation) may also alter ozone distribution.

Conclusion: The Montreal Protocol demonstrates that global environmental problems can be
solved with decisive, science-based, and cooperative action. However, sustained monitoring,
enforcement, and adaptation to new scientific challenges (like VSLS and climate interactions)
are essential to ensure the continued recovery of the ozone layer.



