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Abstract

Climate change is the phrase used to describe long-term changes in tempera-
tures and weather patterns. Changes in the atmosphere and their interactions
with diverse geologic, chemical, biological, and geographic variables are the
main contributors to this cyclical adjustment of the Earth’s climate. Such
changes may be induced purposefully, because of burning fossil fuels, clearing
forests, and raising animals, or they may be natural, brought on by significant
volcanic eruptions or variations in the sun’s activity. By significantly increas-
ing the amount of greenhouse gases already in the atmosphere, this heightens
the greenhouse effect and contributes to global warming. This work includes
several additional theoretical and practical explanations of sustainable devel-
opment. The theoretical work encompasses hundreds of researches that iden-
tify requirements for how development routes might satisfy sustainable de-
velopment (SD) criteria using economic theory, complex systems approach,
ecological science, and other techniques. The agreements made by the Parties
in various nations across the world will consider a wide range of perspectives
about what would be considered undesirable effects on the environment, the
climate system, sustainability, economic growth, or food production.
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1. Introduction

The atmosphere is fluid, dynamic and always moving. The physical properties of
the body as well as several principles affect its speed and direction of movement,
comprising the position and orientation of mountain ranges, ocean currents,
chemistry of the atmosphere, solar radiation and vegetation covering the land’s

surface. All these fundamentals evolved throughout the epoch. Some elements
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change rapidly, including atmospheric chemistry, surface vegetation, and the way
heat is distributed in the seas. Others, such as the positioning and altitude of
mountain ranges, as well as the orientation of continents, change over extraor-
dinarily long time periods. As a result, climate, which is dependent on the mo-
bility and physical characteristics of the atmosphere, changes on every possible
timeline [1].

Earlier, more significant changes to the planet’s climate are included in a
broader definition of climate change. Fossil fuel use by humans is the main cause
of the present, quicker rise in the average world temperature. Fossil fuel con-
sumption, deforestation, and other industrial and agricultural practices all help
to produce greenhouse gases, including methane and CO, [2]. A fraction of the
heat that the Earth produces after absorbing heat from the sun is captured by
greenhouse gases. More of these gases trapping heat in the Earth’s lower atmos-
phere cause global warming.

What makes climate change so crucial? The enormity of climate change’s
repercussions is unmatched. They include things like changed weather patterns
that put the world’s food supply in jeopardy and increasing sea levels that raise
the possibility of catastrophic disaster. Future adaptation to these consequences
will be more difficult and expensive if quick action is not taken today.

In the context of the integrated system of natural processes and characteristics
identified as the Earth system, this text discusses the idea of climatic fluctuation
and change. The types of climate change evidence are described, along with the
main mechanisms that have influenced climate change over Earth’s history [3].
Finally, a thorough explanation of climate change is provided over a variety of
periods, from typical human life to all geologic time.

The assessment “Climate Change 2007: Alleviation of Climate Change” [4]
aims to deliver precise, timely information on all socioeconomic policies and
technological developments, including workable options to lower greenhouse
gas (GHG) outputs. To assist talks on future global emissions reductions, a solid
knowledge of future GHG outputs, their sources, potential alleviation techniques,
costs, and benefits is crucial.

A two-edged sword is the criteria that have to do with allowing economic
progress to occur sustainably. Sustainable development looks to be negatively
impacted by projected anthropogenic climate change, and these negative conse-
quences tend to get worse as climate change and GHG concentrations get great-
er. On the other hand, expensive mitigation efforts can have a negative impact
on economic growth. The conundrum that policymakers must overcome is re-
flected in discussions about the extent of interferences and the correct balance to
be struck between climate policy (adaptation and mitigation) and economic de-
velopment. It is anticipated that the levels and rates of climate change that would
place economic growth, food production, ecosystems, or in enough danger to be
classified as dangerous will be determined by the evaluation of repercussions,
vulnerabilities, and adaptive potentials. The most vulnerable people to damage

because of human climate change are frequently those with the least economic
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and political standing [5]. It is a difficult effort that can only be partially sup-
ported by science to define what constitutes harmful interference with the cli-
mate system since such definitions always require normative assessments.

A synthesis of these many viewpoints will be included in the agreements
reached between the Parties about what would constitute unacceptable effects on
the ecosystems, climate system, sustainability, economic growth, or food pro-

duction.

2. The System of Earth

The atmosphere is affected and interconnected by land surfaces, vegetation, the
seas, and ice masses. They combine to form an interconnected Earth system, in
which every element engages in frequent complicated interactions with and in-
fluences one another. For instance, climate influences how vegetation is spread
across the surface of the Earth (forests are found in humid regions, whereas
deserts are found in arid regions) (Figures 1(a)-(c)). In addition to modifying
the horizontal air flow across the land surface, vegetation also reflects solar energy
back into the atmosphere, moves water (and latent heat) from the soil to the at-
mosphere, and does several other things that have an impact on climate.

The intricate interactions and feedback involving the many parts of the
Earth system are still a mystery to Earth and atmospheric scientists. The emer-
gence of the multidisciplinary field known as Earth system science is aiding
this endeavor. Earth system science encompasses many different fields, such as
ecology (the investigation of the interactions between living organisms and their
surroundings), geology (the investigation of earth’s surface and subsurface
processes), climatology (the study of the atmosphere), glaciology (examining the
ice masses on Earth), oceanography (the study of Earth’s oceans), and beside the
Sociological study (the study of human behavior in its cultural and social fea-
tures).

To have a thorough grasp of the planet, one must comprehend the evolution
of the Earth system and each of its component sections. The pursuit of this in-
formation has given rise to the multidisciplinary area of study known as Earth
system history, which draws on the research of paleoclimatologists, paleontolo-
gists, paleoceanographers, paleoecologists, and other planetary historians. This
history is a big and intricate science because various parts of the Earth system
evolve at diverse speeds and are significant at altered times. In the past, signifi-
cant features of the Earth system, such as solar radiation, continental configura-
tions, atmospheric chemistry, ocean currents, and others, have been trans-
formed, according to researchers studying the history of the Earth system. These
researchers aren’t only interested in recording what has already occurred.
Learning about the relative impacts and interactions of different Earth system
components is made possible by these investigations. Studies on the past of the
Earth system also detail the whole range of phases the system has gone through

and those it may encounter in the future.
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(b) ()

Figure 1. (a) (b) (c) Climate influences how vegetation is spread across the surface of the
Earth. (a) Iceberg; (b) Karakum Desert, Turkmenistan; (c) Deciduous trees.

There is no doubt that, within the relatively short timescales of years, decades,
and seasons, humans have always been aware of climate change. Droughts,
floods, extreme cold spells, and other climatic phenomena are mentioned in the
Bible and other ancient writings. However, it wasn’t until the early 19™ century,
when the deep antiquity of Earth was widely acknowledged, that a thorough un-
derstanding of nature and the scope of climatic variation evolved. The natural-
ists of this era, including the Swiss-born naturalist, the English naturalist Charles
Darwin, the geologist Louis Agassiz, the Scottish geologist Charles Lyell, the
Welsh naturalist Alfred Russel Wallace and the American botanist Asa Grey,
learned to recognize biogeographic and geologic indication that could only be
explained in the context of past climates that were radically different from the
ones that prevail today. In the early 20" century, paleontologists and geologists
uncovered proof of large temperature changes happening before the Pleistocene.
Despite fossilized coral reefs and coal-swamp plants indicating that tropical cli-
mates formerly existed at modern-day high latitudes in both North America and
Europe, red beds in now-moist places (such as New England and England) sug-
gested aridity. Since the late 20™ century, when cutting-edge methods for dating
rocks were developed and combined with geochemical processes and other ana-
lytical tools, our understanding of the early Earth system’s history has under-
gone a significant transformation [6].

At the end of 19™ century, scientists had started to understand that high-latitude

continental glaciers had repeatedly invaded eastern North America and northern
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Europe. According to James Croll (Scottish geologist), the Earth’s orbit deviates
from being fully circular on a regular basis, and this causes the alternating glacial
and interglacial ages. Milutin Milankovitch (a Serbian mathematician and as-
tronomer) accepted Croll’s divisive theory in the beginning of 20" century. Axial
tilt (an adjustment of the Earth’s axis’ inclination regarding the plane of its orbit
around the Sun) and Precession (an alteration in the axis of rotation of the
Earth) were also factors, according to Milankovitch, in the mechanism that caused
periods of glaciation. It is commonly documented that during Earth’s history,

orbital oscillation has significantly contributed to climate change [1].

3. Climate Changes across Geologic Times

Over the course of its 4.5-billion-year existence, the Earth system has seen sig-
nificant changes. These have included several types of climate changes with var-
ious processes, intensities, rates, and effects. Many of these historical develop-
ments are difficult to understand and contentious, and some have only lately
come to light. These modifications have had a tremendous influence on the his-
tory of life, some of which fundamentally changed how development proceeded.
Since respiration and photosynthesis have significantly altered Earth’s atmos-
phere’s chemistry, sediments, and seas, life itself is a causal component in some

of these changes [7].

3.1. Cenozoic Climates

The Cenozoic Era has seen a wide spectrum of climate change since the massive
extinction that signaled the end of the Cretaceous Period (66 million years ago),
with episodes of global cooling and warming happening alternately [8]. During
this time, Earth has experienced both extremes of heat and cold. The continents’
locations and altitudes, as well as the ocean’s channels and bathymetry, have all
changed because of tectonic processes. Feedback between the biosphere, atmos-
phere, cryosphere, lithosphere, and seas in the hydrosphere—all parts of the
Earth system—are becoming more and more understood as factors in regional
and global climate. Particularly, atmospheric CO, concentrations have changed
significantly during the Cenozoic for unknown causes; yet this variation must
have entailed feedback between the spheres of the Earth [9].

The orbital force is still in operation throughout the Cenozoic, even though
when observed over such a long timescale, orbital variations may be perceived as
oscillations against a constantly shifting background of lower-frequency climatic
trends. The explanations of orbital oscillations have changed as our knowledge
of tectonic and biogeochemical processes has increased.

Climate change, which persisted until the early Cenozoic, was present at the
time of the meteor impact that happened at the finale of the Cretaceous interval
or very near to it. According to the geochemical records of marine sediments,
subtropical and tropical fauna and flora were present at high latitudes until at

least 40 million years ago, and warm ocean temperatures are predicted. The
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temperature peaked during the late Paleocene and early Eocene periods between
59.2 and 41.2 million years ago. Approximately 100,000 years ago, there was a
brief period known as the Paleocene-Eocene Thermal Maximum (PETM) that
saw the Cenozoic’s greatest global temperatures. The PETM began abruptly,
within a few thousand years, some 56 million years ago. The ecological repercus-
sions were severe, with widespread extinctions in both terrestrial and marine
ecosystems, even if the underlying causes are unclear. Sea surface and continental
air temperatures increased by more than 5°C as the PETM began. High-latitude
Arctic Ocean surface temperatures may have reached 23°C, which is equivalent
to modern subtropical and warm-temperate waters. After the PETM, the earth’s
temperature dropped to pre-PETM levels, but over the next few million years,
during the Eocene Optimum, it gradually increased to levels that were almost
pre-PETM. Around 33.9 million years ago, the Eocene-Oligocene boundary sig-
naled the start of a trend of steady cooling from this temperature high [10]. Pa-
leontological specimens and marine sediments from the continents where plant
zones moved equatorward provide excellent records of these migrations. Tec-
tonic motions undoubtedly had a substantial role in the cooling trend, even
though the causes are still under investigation. When the marine route between
Tasmania and Antarctica eventually became viable, the Drake Passage between
Antarctica and South America opened.

A continental ice sheet developed in Antarctica during the Oligocene Epoch
and remained there until a significant warming event 27 million years ago [11].
The late Oligocene and early to mid-Miocene epochs (28.4 to 13.8 million years
ago) were warm, albeit not as warm as the Eocene [12]. The Antarctic Ice Sheet
once again expanded once cooling picked up 15 million years ago, regaining
much of the continent. The cooling trend maintained through the late Miocene
and into the early Pliocene Epoch 3 million years ago. When the Northern He-
misphere was free of ice during this period, cool-temperate Pliocene flora was
found at high latitudes in Greenland and the Arctic Archipelago. The Northern
Hemisphere glaciation, which began 3.2 million years ago, was caused by two
tectonic events: the closure of the Panama Seaway and the elevation of the Tibe-
tan Plateau, the Andes, and western portions of North America. High northern
latitudes benefited from prolonged ice formation due to these tectonic shifts in
ocean and atmospheric circulation. This glacier is believed to have formed in the

mid-Oligocene, when CO, levels were at their lowest [8].

3.2. Phanerozoic Climates

The Phanerozoic Aeon, which spans the whole time complex, has seen a re-
markable variety of environmental conditions and changes. Many of these re-
gimes and events are quite old, making it challenging to fully comprehend them.
However, because of accurate geological recordings and extensive investigation
by researchers, a few eras and transitions are widely documented. Cool (“iceh-

ouse”) and Warm (“greenhouse”) phases of the Earth system alternate, and a
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cyclical pattern of low-frequency climate change is also evolving. High sea le-
vels, a lack of continental glaciers, and High temperatures, are characteristics
of the warm times. The presence of continental ice sheets, low sea levels, and
Low temperatures, at least at high latitudes, are signs of cool periods. High-
er-frequency oscillations are superimposed on these alternations, with warm in-
tervals inside icehouse phases and cool intervals included within greenhouse
phases. For example, glaciers formed for a brief time (between 1 and 10 million
years) during the early Silurian and late Ordovician, in the middle of the early
Paleozoic greenhouse era. Throughout the early Miocene and late Oligocene
epochs of the late Cenozoic cold age, there were warm intervals with glacial re-
treat [11].

The Earth system has been in an icehouse phase since the creation of the An-
tarctic ice sheets 30 to 35 million years ago. In the Carboniferous and Permian
ages of the late Paleozoic Era, a large icehouse event occurred between 359 mil-
lion and 252 million years ago. Glacial deposits from this epoch have been dis-
covered throughout much of Africa, South America, the Arabian Peninsula, In-
dia, Antarctica, and Australia. All these areas were formerly a component of the
Southern Hemisphere’s high-latitude supercontinent known as Gondwana. Like
the latitude that the Pleistocene ice sheets of the Northern Hemisphere reached,
the glaciers on top of Gondwana stretched to at least 45°S. Even farther equa-
torial—to 35°S—were some late Paleozoic glaciers. Cyclothems, which are sedi-
mentary strata that repeat and alternate between sandstone, coal, shale, and li-
mestone, are among the most prominent characteristics of this period. These
cyclothems may be caused by the repeated retreats (generating coals and shales)
and incursions (creating limestone) of ocean shorelines in response to orbital
changes. In these cyclothems are interbedded the vast coal reserves of the Appa-
lachian area of North America, northern Europe, and the American Midwest
[13].

The two most prominent warm periods in Earth history were between 252
and 35 million years ago during the Mesozoic and early Cenozoic eras and be-
tween 500 and 359 million years ago during the early and mid-Paleozoic eras.
The Paleozoic warm age included many greenhouse periods, each with distinct
climates, continent placements, and ocean bathymetry. The emergence of terre-
strial flora on the continents did not occur until quite late in this time. Both time
periods saw significant long-term climatic change and fluctuation; mounting
evidence points to a few short glacial occurrences in the middle Mesozoic [14].

An essential field of research is integrating geologic data with models of the
Earth system and its constituent parts to understand the mechanisms underpin-
ning icehouse-greenhouse cycles. Phanerozoic climate change has been attri-
buted to two mechanisms. First, tectonic processes altered the bathymetry of the
oceans and seas as well as the placements and heights of continents. Second,
even though tectonic processes over such long periods of time generally regu-

lated fluctuations in greenhouse gas concentrations, these variations were signif-
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icant climate drivers.

3.3. Pre-Phanerozoic (Precambrian) Time

Precambrian time, often referred to as pre-Phanerozoic time, has lasted from the
Earth’s creation for around 88% of that period. Mystery surrounds the pre-
Phanerozoic period of Earth system history. Numerous studies are conducted on
the pre-Phanerozoic Earth System because it is crucial to understand the begin-
nings and early development of life on Earth [15]. Additionally, due to the im-
pact of living things at this time, major changes in the chemical composition of
the Earth’s atmosphere and seas occurred. The study of this era is highly valued
by palaeontologists, planetary geologists, geologists, geochemists, microbiolo-
gists, and atmospheric scientists. Three subjects that have generated a lot of at-
tention and debate include the “young Sun paradox that is dim,” the impact of
life on the atmosphere, and the theory that Earth had one or more “snowball”

events of global glaciation [16].

3.4. Photosynthesis and Atmospheric Chemistry

The discovery of a novel photosynthetic pathway by cyanobacteria that utilizes
water (H,O) rather than hydrogen sulfide (H,S) as a reducing agent for CO, has
had a substantial influence on the geochemistry of the Earth system [17]. In
contrast to the less developed H,S system, the water route produces molecular
oxygen (O,) as a byproduct of photosynthesis, which is more energy efficient.
90% of today’s iron ores come from banded-iron formations, or BIFs, which
were widely deposited due to the usage of water as a reducing agent in this
process. Iron that was dissolved in the ancient seas’ oxygen-rich environment
was oxidized, precipitating onto the ocean floor. Most of the iron that was dis-
solved in the oceans was precipitated after millions of years of this oxy-
gen-demanding deposition process. O, was able to bond as a dissolved gas in
seawater some 2 billion years ago, and eventually escape to the atmosphere [3].
Even if oxygen doesn’t fit the definition of a greenhouse gas, it nonetheless has a
substantial indirect impact on climate, especially at certain points in the carbon

cycle.

3.5. Theorem of the Snowball Earth

Geochemical and sedimentary evidence suggests that Earth experienced up to
four large cooling events between 750 million and 580 million years ago. Ac-
cording to geologists, during these occurrences, ice blanketed Earth’s oceans and
land areas from the poles to the equator. There has been a great deal of research
and debate surrounding the “Snowball Earth” theory [18]. This proposition
raises two crucial queries. First, how might Earth defrost after becoming frozen?
Second, how did life endure times when the entire planet was frozen? Since the
planet’s primary CO, basins (photosynthesis and rock weathering) would have

been muted by a freezing Earth, one explanation for the first point is that
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enormous amounts of CO, were released by volcanoes, dramatically warming
the planet’s surface. The persistence of modern life-forms in deep-sea vents and
hot springs, which would have persisted long ago although Earth’s surface being
frozen, might provide a solution to the second issue [19].

3.6. The Methane Burp Theory

In oceanography and climatology, the Paleocene-Eocene Thermal Maximum
(PETM), also known as the gas hydrate dissociation theory, began abruptly 55
million years ago and was marked by the highest global temperatures of the Ce-
nozoic Era (65 million years ago to the present) [20] [21]. According to the idea,
the PETM happened when enormous methane hydrate deposits in ocean sedi-
ments warmed to the point where substantial volumes of methane were cycled
through the ocean and atmosphere. CH, was oxidized, producing CO,. The rise
in CO, concentration caused an increase in air temperature, which may be like
global warming currently seen in the 21* century [22].

The large-scale submarine landslides discovered off the coast of Florida have
significantly supported the notion, even though many more comparable
landslides would have required to have place for there to be enough methane to
generate the PETM.

Chemical reactions were widely used in industrial processes during the 19"
century in metallurgy, agriculture, textiles, and many other fields. This led to the
development of chemical engineering. An industry dedicated to the mass manu-
facture of chemicals had been established by 1880 because of the usage of chem-
icals in manufacturing. The chemical engineer now oversees the construction

and maintenance of these industries’ plants.

3.7. Unexpected Climatic Changes in Earth History

Since the 1980s, there has been a significant rise in the amount of research on
abrupt climate change. This research was prompted by the finding of evidence
for earlier substantial fluctuations in global and regional temperatures in the ice
core archives of Antarctica and Greenland. From a scientific perspective, these
occurrences, which involve abrupt changes in the Earth’s climate system’s equi-
librium state, and which have also been noted in ocean and continental records,
are extremely important because they could reveal the mechanisms governing
and the sensibility of the climate system. They highlight discontinuities, which
happen when little, slow changes to one part of the system can have a significant
influence on the entire. These interactions between the many components of the
Earth system produce these discontinuities. For instance, the Younger Dryas
event caused the sudden cessation of thermohaline circulation in the Atlantic
basin due to an increased freshwater input into the North Atlantic Ocean [23]. A
major source of worry for society is the possibility of sudden climate change to
be so rapid and severe that it would be impossible for the ecological, industrial,

economic, and agricultural systems to adapt and cope [24].
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The instance of sudden climatic change that has been studied the most is the
Younger Dryas period (12,900 - 11,600 years ago). The incident took place when
the Earth system transitioned from a glacial to an interglacial state during the
most recent deglaciation, a period of increased global warming. Eastern North
America and Northern Europe are likely to have dropped by 4°C to 8°C during
the Younger Dryas, when temperatures in the North Atlantic area plunged sub-
stantially. Evidence from the land and the sea suggests that the Younger Dryas
had substantial effects in many other parts of the Earth, albeit to a smaller ex-
tent. The Younger Dryas ended within a decade, and it did so very swiftly. The
thermohaline circulation in the North Atlantic, which currently includes the
Gulf Stream, which is crucial for transferring heat from equatorial regions
northward, mysteriously stopped functioning during the Younger Dryas. There
were certainly other causes at play as well, but the thermohaline circulation
shutdown has been linked to a significant freshwater influx from melting glaciers
into the North Atlantic [25].

Paleoclimatologists are paying more and more attention to locating and re-
searching more abrupt shifts. It is now understood that the Dansgaard-Oeschger
series from the preceding glacial age represents an oscillation between two cli-
mate regimes with quick changes [26]. A 200-year cold period occurred in the
Northern Hemisphere around 8200 years ago because of the rapid draining of
glacial Lake Agassiz into the North Atlantic through the Great and the St. Law-
rence Lakes drainage. A dramatic drop in hemlock populations in New England
woods was one of the ecological effects of this phenomenon, which has been
called a smaller version of the Younger Dryas. 5200 years ago, lakes and bogs in
eastern North America saw a sharp decline in water levels, pointing to a previous
comparable shift. In temperate regions, it has been found in peatland, tree-ring,
and lake-level samples as well as ice cores from tropical glaciers at elevated alti-
tudes [27].

There is proof that dramatic climatic changes occurred before the Pleistocene.
A brief temperature maximum has been noted around the Paleocene-Eocene
boundary (56 million years ago), while evidence of rapid cooling episodes has
been discovered close to the Oligocene and Miocene (33.9 million years ago) and
Oligocene and Eocene (23 million years ago) epoch borders. Global climatic,
ecological, and biogeochemical effects result from all three of these occurrences.
Geochemical studies show that the huge increase in atmospheric CO, levels
during the warm event at the Paleocene-Eocene boundary was caused by the
enormous outgassing and oxidation of methane hydrates from the ocean floor.
Methane is trapped by the chemical structure of a substance known as methane
hydrates within an ice lattice. Like the Pleistocene, a brief period of positive
feedback between the seas, ice sheets, atmosphere, and biosphere appear to have
caused the two cooling episodes.

In the past, humans and other animals have endured a great number of cli-

mate shifts, demonstrating how adaptive people are. When climate changes are
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gradual and largely predictable, adaptation is simplest and least destructive,
whether it is biological (as in the case of other animals) or ethnic (for human
beings) [7]. Rapid changes are more disruptive, risky, and harder to adjust to.
Acute changes, especially unanticipated climatic surprises, cause a sever hazard
to the ecosystems and the populations of other species. Humanity may be able to
adapt to these changes, but only at great cost in terms of disruptions to the
economy, the environment, agriculture, human health, and other aspects of life.
The sensitivity and natural variability of the Earth system may be understood by
considering past climate change. This information also highlights the risks asso-
ciated with altering the Earth’s system through greenhouse gas emissions and

changes to local and global land cover.

4. Climate Change Brought by Humans

Climate change and variation have played a significant role throughout human
history, from its first manifestation around two million years ago to the emer-
gence and spread of the present human being initiating 150,000 years ago [28].
Even though there have been almost two full cycles of glaciation and interglacial
activity for the contemporary human species, their rapid population growth,
cultural diversity, and ecological dominance only began during the most recent
glacial-interglacial transition and intensified throughout the furthermost recent
glacial-interglacial time. In contrast to Homo erectus, an extinct species that may
have been the ancestor of modern humans, which emerged during a colder pe-
riod in the Pleistocene Epoch and survived both the transitional era and nu-
merous glacial-interglacial cycles, the emergence of the first bipedal apes took
place during a time of climate transition and change. Therefore, it is possible to
assert that the development of mankind and all its many cultures and civiliza-

tions is directly related to climatic change [29].

4.1. The Most Recent Glacial Epoch and Its Interglacial
Predecessor

Earth was in an interglacial phase 125,000 years ago, like the one we are in today,
with glacial ice isolated to elevated altitudes and latitudes. The system of Earth
did, however, experience a full glacial-interglacial cycle over the previous
125,000 years, just one of numerous events that took place during the last mil-
lion years. About 120,000 years ago, the most recent cooling and ice era started.
Large ice sheets formed and remained across most of northern Eurasia and
Canada [30].

The Earth’s system cycled between two phases after the advent of glacial con-
ditions: one with growing glaciers and extremely low temperatures, and another
with temperatures that were somewhat warmer but still much below those of
today. These Dansgaard-Oeschger (DO) cycles took place around every 1500
years, as shown by records found in ice cores and marine sediments. A low-

er-frequency cycle known as the Bond cycle, which happens every 1400 - 2200
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years, is superimposed over the DO cycle pattern [31]. Every Heinrich event is
distinguished by a short cold and dry phase that is followed by a short warming
phase. Each Heinrich event during the cold phase of a (DO) cycle is characte-
rized by abnormally low temperatures [32]. Huge iceberg fleets were discharged
into the North Atlantic during each Heinrich episode, carrying boulders that the
glaciers had collected far out to sea. Rock shards delivered by icebergs provide
obvious strata in marine sediments that identify Heinrich episodes [33].
Paleoclimatologists and Earth system scientists are closely studying the quick
and abrupt shifts that occurred during the DO and Bond cycles to better under-
stand the underlying causes of such extreme climate swings. These cycles cur-
rently seem to be the result of interactions between the oceans, continental riv-
ers, ice sheets, and atmosphere that alter thermohaline rotation, the pattern of
ocean currents that is primarily influenced by changes in water salinity, temper-

ature, and density rather than airstreams.

4.2. The Most Recent Glacial Maximum (LGM)

Over the last 25,000 years, there have been several dramatic changes to the Earth
system. Informally referred to as the most recent glacial era, the Most Recent
Glacial Maximum (LGM) peaked 21,500 years ago. The Scandinavian Ice Sheet
in Europe spanned Scandinavia, the British Isles, north-central Siberia, and
northern Europe. The Cordilleran Ice Sheet encompassed much of western
Canada, as well as northern Montana, Idaho, Washington, and in the United
States. The Laurentide Ice Sheet dominated the northern section of North
America at the time, and it extended as far south as Ohio, Cincinnati, Des
Moines, Iowa, and New York City. There are several montane glaciers in other
areas, even at low latitudes in South America and Africa. Global sea level was
125 meters lower than it is presently because of the long-term net transfer of
water from the oceans to the ice sheets [34]. In unglaciated areas, the tempera-
ture was around 5°C lower than it is now. Numerous plant and animal species
from the Northern Hemisphere once lived in regions far further south than their
current series. One thousand kilometers south of their current distribution limi-
tations in the Great Lakes area of North America, for instance, white spruce and

jack pine trees have been seen thriving in northern Georgia [35].

4.3. The Last Deglaciation

About 20,000 years ago, the continental ice sheets initially began to melt. Sub-
merged fossil coral reefs may be drilled into and date to clearly show how the sea
level rose when the glacier receded. In the past 15,000 years ago, the melting has
been the fastest. For instance, by 10,000 years ago the southern border of the
Laurentide Ice Sheet in North America was located north of the St. Lawrence
and the Great Lakes regions, and by 6000 years ago it had completely disap-
peared [36].

The Younger Dryas climatic interval, which occurred between 12,900 and
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11,600 years ago, was the most notable brief cold episode that interrupted the
rising trend [23]. There are no present locations where the seasonal patterns of
warmth and wetness that persisted through the deglaciation epoch in numerous
areas, including much of Northern America, do. For instance, temperatures were
far more continental in the center of North America than they are now (depicted
by hot summers and harsh winters). Paleontological research also reveals assem-
blages of species of plants, insects, and vertebrates that do not exist anywhere
today. Boreal and temperate zone species coincided in Russia and central North
America throughout this deglaciation despite their current distance from one
another. The most likely causes of these unique climatic circumstances are the
long-lasting ice sheets in the Northern Hemisphere, which changed air circula-
tion patterns, and the peculiar orbital pattern, which enhanced summer insola-

tion and lowered winter insolation there.

4.4. Agriculture Development and Climate Change

In western Asia, between 11,000 and 9500 years ago, goats and sheep were first
herded, while the first domesticated plants including barley, lentils, wheat, and
rye were cultivated around 9000 years ago. This stage of technical development
took place after the last glacial era, when the climate was transitioning. Accord-
ing to some experts, although the fast swings in resource availability caused by
climate change put pressure on hunter-gatherer-forager communities, it also
created opportunity since new plant and animal resources began to emerge [37]
[38].

4.5. Pleistocene Glacial and Interglacial Cycles

In the previous 450,000 years, there have only been five glacial periods, with the
most recent reaching its peak 21,500 years ago. The cyclical alternation of the
Earth system’s glacial and interglacial regimes during the Pleistocene era, which
lasted for more than two million years, is what defines it. Throughout this pe-
riod, there were longer and more severe glacial episodes, with a particularly
quick transition occurring between 600,000 and 900,000 years ago. The Holo-
cene Epoch, which began 11,700 years ago and is still in effect now, is the most
recent interglacial era on Earth [11].

However, estimations of the breadth and length of the distinct interglacial and
glacial times are most accurately provided by oxygen isotopes found in ocean se-
diments. Landforms and Glacial deposits are evidence of the Pleistocene conti-
nental glaciations on the environment. These statistics provide both an indirect
measurement of the amount of global ice and a direct measurement of sea level.
The lighter oxygen isotope '°O causes water molecules to evaporate more quickly
than the heavier oxygen isotope '*O. When paired with '°O, high '*O concentra-
tions throughout glacial epochs suggest a net movement of water from the
oceans to the ice sheets. Several intermediate glacial states, which were colder

than interglacials but warmer than glacial maxima, existed for around 80% of the
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past 500,000 years. Significant glaciers were present throughout most of Canada
and likely even blanketed Scandinavia during these interglacial periods. These
transitional states fluctuated in climate on a millennium-scale, and they were not
stable. The Earth system cycled between interglacial and glacial phases through-
out the Pleistocene and Holocene, with neither an average nor normal state for
the climate [39] (Figure 2).

In the end, changes in the Earth’s orbit have produced the system’s cycle be-
tween the glacial and interglacial regimes. Since orbital force alone cannot ex-
plain all this variance, Earth system scientists are focusing their attention on the
interactions and feedback between the many components of the Earth system. A
continental ice sheet’s early formation, for instance, raises the albedo in a certain
area of the Earth, which reduces the amount of sunlight that is absorbed by the
surface and causes additional cooling. Similar changes in albedo and latent heat
transmission through evapotranspiration result in changes in terrestrial vegeta-
tion, such as the transformation of forests into tundra. Because of their enorm-
ous leaf area, forests, especially those in temperate and tropical climates, trans-
pire large amounts of water vapor and latent heat. Much smaller tundra plants
with tiny leaves that only generate a tiny fraction of the water vapor that forests
do assist to avoid water loss.

The discovery in ice core records that atmospheric concentrations of two po-
tent greenhouse gases, CO, and CH,, increased during interglacials and de-
creased during previous glacial eras serves as an important example of feedback
mechanisms in the Earth system [40]. The cooling that is now taking place dur-
ing the transition to a glacial phase would be hastened and made worse if
greenhouse gas concentrations were to fall. When a glacial period ends, the op-
posite happens. There is still a lot of study being done on the glacial carbon sink.
Understanding the intricate relationships between the circulation and chemistry
of the oceans, the ecology of terrestrial and marine organisms, the chemistry and
circulation of the atmosphere and the dynamics of ice sheets, is necessary to

comprehend glacial-interglacial carbon cycles [41].
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Figure 2. Simulated North American ice sheet distribution. Simulated North American
ice sheet distribution for each glacial maximum, (a): A typical glacial maximum; (b): A
large glacial maximum under a constant CO, (230 ppm); (c) Last glacial maximum with
realistic variations in atmospheric CO, [39].
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4.6. The Last Great Cooling

A general cooling trend in the Earth system over the past 50 million years re-
sulted in the formation of persistent ice sheets in the Northern Hemisphere
roughly 2.75 million years ago. The global temperature steadily decreased as the
ice sheets waxed and waned, causing more severe glaciations and colder inter-
glacial periods. The frequency of the glacial-interglacial cycles changed begin-
ning 900,000 years ago. Since that time, the Earth system has seen more cold pe-
riods than usual, and the glacial maximum has been spaced by 100,000 years.
The 100,000-year cycle is obscured by smaller oscillations, whereas the 41,000-year
periodicity has remained [36].

The two components of the Earth’s orbital geometry that ultimately drive the
23,000-year and 41,000-year cycles, respectively, are the equinoctial precession
and the axial-tilt cycles [42]. The eccentricity, the third element that determines
how the Earth orbits the sun, fluctuates on a 100,000-year cycle. The origin of
the periodicity visible in the Earth’s eccentricity is of enormous relevance in

contemporary paleoclimate study.

5. Evidence for Climate Change

All historical disciplines have the same issue: as they delve further into the past,
they become increasingly dependent on sporadic and circumstantial evidence.
The past of the Earth system is no different. For the most part, there are excel-
lent instrumental records from the last century, but the 19th century saw a de-
cline in the number of records. Court and church records, diaries, Ship logs, tax
registers, and other historical sources can also be utilized. These sources can in-
clude details on droughts, sea ice, frosts, the timing of floods, monsoons, and
other meteorological characteristics in strictly geographic settings [43].

By coincidence, the natural world shows several signals of climate change.
Climate has an influence on the quantity and geographic distribution of animal
and plant species, the chemistry of the lakes and seas, the development of ice in
frozen provinces, and the deposition and erosion of materials. Coral and tree
growth are both impacted by climate.

The state of the climate is being monitored by networks of sensors in space,
on the surface of the Earth, and below and above the ocean’s surface. Instru-
mental recordings and other archives provide evidence of the climatic changes
that have occurred during the last two - three hundred years, particularly since
the early 1900s. Researchers who are interested in climatic changes prior to the
observational record are using natural archives—biologic or geologic processes
that retain some aspect of past climate—more often. These incredibly varied
natural archives include sedimentary and geochemical markers of former ocean
and continental conditions, land surface features indicating previous climates,
fossil records of ancient animal and plant dispersals, and fossil archives of con-

tinental conditions and past ocean.
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6. Causes of Climate Change

Documenting instances of climatic variability and historical climate change is far
simpler than figuring out the fundamental causes of these phenomena. Numer-
ous variables that work across timeframes extending from hours to millions of
years have an impact on the climate. The Earth system is only one of several ex-
ternal elements that affect climate change. Others are present inside the system
of the Earth, but they are not enveloped by the atmosphere. The interactions
between the atmosphere and other planetary system components are among
those that are referred to as feedback within the Earth system. However, it is be-
coming more widely acknowledged that these elements contribute significantly

to climate variance.

6.1. Greenhouse Gases

The greenhouse effect may result from greenhouse gas molecules absorbing
infrared radiation (net heat energy) released from the Earth’s surface and re-
flecting it back to the surface. The energy balance of the Earth system is signifi-
cantly impacted by the three most important greenhouse gases, water vapor,
CO,, and CH,, despite their relatively tiny proportion in the total amount of at-
mospheric gases (Figure 3). Across the course of Earth’s history, greenhouse gas
concentrations have fluctuated greatly, and these fluctuations have resulted in

significant climatic shifts across a variety of periods.

6.2. Solar Changeability

The Sun’s luminosity, or brightness, has been steadily increasing since its forma-
tion. Since the Sun supplies the energy required for air circulation and serves as
an input for the Earth’s heat budget, this phenomenon influences the planet’s
temperature (Figure 4). The dim young Sun paradox is caused by low solar il-

lumination during Precambrian period [44].
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Figure 3. Industry accounts for the largest portion
of world emissions when both direct and indirect
emissions are considered. Information from the
IPCC as of 2007.
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Figure 4. The telescope on board Europe’s PROBA2 spacecraft observed the solar cycle
between 2010 and 2020. (Image credit: NOAA/JPL-Caltech/NOAA/Dan Seaton/European
Space Agency). 2022-Daisy Dobrijevic.

The Sun’s energy fluctuates over relatively short durations due to solar storms
and other disturbances, but fluctuations in solar activity, particularly the fre-
quency of sunspots, have also been seen over decadal to millennial timelines and

are anticipated to occur over longer timescales as well.

6.3. Volcanic Activity

At various timescales, volcanic activity can have a variety of effects on the cli-
mate. Large amounts of SO, and other aerosols can be released during a single
volcanic eruption, which reduces the transparency of the atmosphere and,
therefore, the quantity of solar energy that reaches the troposphere and the
Earth’s surface (Figure 5). Observable effects on the circulation and heat budg-
ets of the atmosphere were caused by the 1991 eruption of Mount Pinatubo in
the Philippines as a recent example [45]. Because the next year (1816), known as
“the year without a summer,” witnessed unusually frigid spring and summer
temperatures throughout most of the world, the Mount Tambora eruption on
the island of Sumbawa in 1815 had more substantial repercussions.

CO, is released into the atmosphere and seas by volcanoes and other asso-
ciated processes including ocean rifting and subduction. However, the produc-
tion of this greenhouse gas can have significant consequences across geologic
timeframes. Variations in the CO, emitted by volcanoes and ocean rifts over
millions of years can alter the chemistry of the atmosphere.

6.4. Tectonic Activity

During intervals of one to tens of millions of years, tectonic movements of the
Earth’s crust have had a substantial influence on the climate (Figure 6). These
processes have changed the ocean’s bathymetry as well as the shape, position,
size, and height of the continental masses. Changes in topography and bathyme-
try have also had a significant impact on how the atmosphere and oceans circu-
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late. For instance, the Cenozoic Era’s elevation of the Tibetan Plateau, which also
had an influence on air circulation patterns, the climate of much of the rest of
Asia, and surrounding areas, led to the formation of the South Asian monsoon
[46].

Tectonic activity also has an impact on CO, concentrations and the chemistry
of the atmosphere. Vents and volcanoes produce CO, in subduction and rift
zones. Throughout Earth’s history, variations in the pace of rift zone expansion
and the level of volcanic activity near plate borders have affected atmospheric
CO, concentrations. Even rock weathering caused by chemicals is a large CO,
sink. “Carbon sinks” are any processes that chemically transform CO, into or-
ganic or inorganic carbon molecules to remove carbon dioxide from the envi-
ronment. CO, and water combine to form carbonic acid, a reactant in the disso-
lution of silicates and other minerals. The bulk, height, and exposure of bedrock
affect weathering rates. All these characteristics may increase due to tectonic
elevation, which would result in more weathering and CO, absorption. For in-
stance, the atmospheric CO, level may have been significantly reduced because
of the increasing Tibetan Plateau being chemically weathered during a time of
global cold in the late Cenozoic Era [46].
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Figure 6. From 650 million years ago to 250 million years in the future, observe how
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6.5. Deviations of Orbital

The gravitational pull of the other planets in the solar system has predictable ef-
fects on the orbital geometry of Earth (Figure 7). Three key aspects of the
Earth’s orbit are cyclically, or repeatedly, influenced [47]. The periodicities of the
Earth’s eccentric, almost elliptical to circular orbit around the Sun range from
100,000 to 413,000 years. Seasonal climates on Earth are mostly caused by the
Earth’s axis tilting away from the plane of the planet’s rotation around the Sun
by 22.1° to 24.5°. A 41,000-year cycle governs this fluctuation. The Earth’s axis
of rotation waves alters its direction regarding the Sun as the orientation of the
Earth’s orbital ellipse progressively shifts. The third cyclic alteration to the
Earth’s orbital geometry is caused by these two events taken together. The posi-
tions of Earth during the solstices and equinoxes vary throughout a 26,000-year
cycle caused by these two processes, known as the precession of the equinoxes.
Perihelion occurs close to the December solstice, 9000 years after the Earth was
closest to the Sun [48].

The latitudinal and seasonal distribution of solar energy is altered by these or-
bital motions, which has an impact on several climate-related variables. The
timing of glacial-interglacial and monsoonal trends is greatly influenced by or-
bital fluctuations. Many of the Phanerozoic’s climate shifts can be attributed to
their impacts. For instance, during the Pennsylvanian Subperiod (323.2 to 298.9
million years ago), the cyclothems, which are interbedded marine, river, and coal
layers, appear to indicate Milankovitch-driven changes in mean sea level.

6.6. Human Activities

The effects of human activity on the climate have come to light because of global
climate change becoming an environmental issue. Deforestation and fossil fuel
burning have received most of the attention as the main causes of CO, emissions
[49]. Additional greenhouse gases are emitted because of human activity, such as
chlorofluorocarbons (from industrial sources) and methane (from landfills, cat-
tle, rice farming, and other sources). The paleoclimate data from ice cores, coral,
and tree rings show a consistent warming trend over the whole 20" century and
the first decade of the 21* century [50]. The twentieth century was the warmest
of the previous ten centuries thanks to the decade from 2011 to 2020, which was
the warmest decade since the advent of modern instrumental record keeping.
Many climate scientists see this emerging pattern as unmistakable evidence of
human-induced climate change brought by the emission of greenhouse gases.
Agriculture, reforestation, and deforestation are examples of a second form of
human activity that is changing vegetation and contributing to the change of
climate. It is becoming clear that human influences on plant cover can have lo-
cal, regional, and even global consequences on climate due to changes in the
transport of sensible and latent heat to the atmosphere and the distribution of
energy across the climate system. An important, relatively new subject of re-
search is examining how these factors have affected historical and present cli-

mate change.
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Figure 7. Three key aspects of the Earth’s orbit are cyclically, or repeatedly, influenced [47].

6.7. Feedback

The function of exchanges and feedback among the many elements of the Earth
system is perhaps the subject of climate variability that has received the most at-
tention from researchers and debaters. Different parts of the feedback function
at various rates and over various timeframes. The atmosphere has a direct or in-
direct impact on several variables, such as terrestrial vegetation, ocean tempera-
tures, ice sheets, sea ice, ocean motion, greenhouse gas concentrations and wea-
thering rates. All these elements, nevertheless, also filter back into the atmos-
phere, which has a huge impact on it. For example, the types and densities of
vegetation influence the Earth’s surface’s albedo which influences the overall
radiation budget at local to regional scales (Figure 8). Like this, vegetation pro-
motes direct soil evaporation, direct plant stomatal transpiration, and both di-
rect and indirect pathways for the transportation of water molecules from soil to
atmosphere. Vegetation’s control on latent heat flow can affect the climate on a
local to global scale. Vegetation changes, which are partly impacted by climate,
may thus influence the climate system. The amount of vegetation also affects the
quantities of greenhouse gases. While live plants are a significant basin for at-
mospheric CO,, when these plants burn in wildfires or decompose, they become
producers of the gas. Understanding previous climate changes and projecting
future ones depend critically on feedback between the many parts of the Earth

system [51].

7. Within the Lifetime of a Person, Climate Change

All humans experience climatic fluctuation and change over the course of their
lifespan, regardless of where they are on the earth. The most well-known and
predictable occurrences are the seasonal cycles, which cause people to change
their outdoor activities, thermostat settings, clothing, and farming practices. The

yearly fluctuations in fuel costs, agricultural production, road maintenance
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Figure 8. Vegetation influences the Earth’s surface’s albedo [51].

budgets, and the risk of wildfires are all influenced by this interannual climatic
volatility. Floods brought on by a single year of precipitation can be lethal, as
was the situation for the majority of Bangladesh in the summer of 1998, and they
can also be completely devastating economically, as it was in the summer of 1993
for the upper Mississippi River drainage basin. Wildfires, hurricanes, heat waves,
violent storms, and other climate-related disasters can also cause similar harm
and deaths [51].

Longer timescales, like decades, may also see climate fluctuation and change.
Numerous years of drought, flooding, or other extreme weather occur in certain
places. Planning and human activities are made more difficult by the decadal
change in the climate. Multiyear droughts, like the Dust Bowl droughts that hit
North America’s midcontinent in the 1930s, might, for instance, interrupt water
supplies, result in agricultural failures, and generate economic and social
upheaval. Long-lasting droughts, like the Sahel drought that struck northern
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Africa in the 1970s and 1980s, can even cause widespread starvation [51].

7.1. Seasonal Change

Everywhere on Earth suffers seasonal climate change, albeit in certain tropical
areas the change may not be particularly apparent. This cyclical oscillation is due
to seasonal fluctuations in the quantity of solar energy reaching the Earth’s sur-
face and atmosphere. The Earth travels an elliptical path around the Sun, getting
91 million miles closer at the winter solstice in the Northern Hemisphere and 94
million miles further during the summer solstice. Additionally, the Earth’s rota-
tional axis is inclined (23.5°) regarding its orbit. As a result, during its winter
and summer seasons, each hemisphere has a tilt that moves it away from the
Sun. More solar energy is absorbed by the hemisphere that is now facing the Sun
than by a hemisphere that is tilted away from the Sun. The Northern Hemis-
phere receives less solar energy in the winter than it does in the summer, despite
the Sun being closer near the winter solstice. The tilt also causes the Southern
Hemisphere to enjoy summer while the Northern Hemisphere is during winter.

Solar radiation controls Earth’s climate system, and seasonal variations in
climate are ultimately caused by variations in Earth’s orbit. Oceanic and atmos-
pheric circulation are affected by seasonal fluctuations in the energy that the Sun
makes accessible. The flow of energy from atmospheric and oceanic circulation
is substantially responsible for the seasonal climatic variations that occur at any
point on Earth’s surface [52]. Storm tracks and pressure centers change in loca-
tion and intensity due to variations in surface heating that occur between sum-
mer and winter. Seasonal fluctuations in cloudiness are also influenced by these
heating differences.

Climate and atmospheric circulation are also influenced by the cryosphere’s
(glaciers, sea ice, and snowfields) and biosphere’s (particularly vegetation) sea-
sonal reactions. As deciduous trees enter their winter hibernation, their leaves
fall, increasing the Earth’s surface’s albedo (reflectivity), which might result in
more regional and local refrigeration. Similarly, snow buildup raises the albedo

of terrestrial surfaces and frequently intensifies the impacts of winter.

7.2. Interannual Variation

A wide range of variables and interactions between Earth system components
are to blame for interannual climatic fluctuations, which include droughts,
floods, and other occurrences. The 19th century fisherman in northern Peru
were the first to refer to the yearly migration of warm equatorial seas southward
around Christmas as El Nifio [53]. Subsequently, scientists in Peru found that
while the thermal anomalies lasted for a minimum of a year, more substantial
shifts occurred at intervals of many years and were associated with catastrophic
recurrent floods along the normally dry coat (Figure 9). The name’s initial year-
ly meaning was supplanted by that of the abnormal occurrence in the 20th cen-

tury as the increasingly rare instances attracted global notice.
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Figure 9. El Nio-Southern Oscillation (ENSO) fluctuation (El Nifio) [53].

In oceanography and climatology, every few years, there is an unusual event
known as El Nio that causes unusually warm water temperatures along South
America’s tropical west coast. This event, which occurs from Ecuador to Chile, is
connected to adverse effects on local fisheries, agriculture, and weather as well as
far-off climatic abnormalities in the equatorial Pacific and, sometimes, North
America and Asia. Each El Nio event is primarily identified, evaluated, and
forecast using the Oceanic Nio Index (ONI), a measurement of the east-central
Pacific Ocean’s deviation from the average sea surface temperature [54]. In-
creases in sea surface temperature of more than 0.5°C for at least five consecu-
tives, overlapping three-month seasons are indicative of an El Nio event [55].
The El Nio-Southern Oscillation (ENSO) fluctuation, which is a regular adjust-
ment of oceanic circulation and atmospheric patterns in the tropical Pacific area,
is mostly to blame for these oscillations. Although the tropical Pacific is where
ENSO’s main climatic impacts are focused, its flowing influences frequently af-
fect the center of Asia and Europe, the polar regions, and the region around the
Atlantic Ocean. These effects, commonly referred to as teleconnections, arise
because variations in low-latitude atmospheric circulation patterns in the Pacific
area impact atmospheric circulation in upstream and neighboring systems. As a
result, storm tracks and the typical locations of ridges and troughs of atmos-
pheric pressure—areas of high and low pressure—are altered [56].

For instance, El Nio events take place when the tropical Pacific’s easterly trade
winds weaken or change course. This keeps the deep, cold seas off the west coast
of South America from rising, while also warming the eastern Pacific and rees-
tablishing the air pressure imbalance in the western Pacific. As a result, surface
air is travelling eastward from Australia and Indonesia to the central Pacific and

the Americas. The traditionally moist areas of Indonesia and northern Australia
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experience serious drought, while the generally Peru dry coast, has heavy rains
and flash floods. Extreme El Nio episodes cause the Indian Ocean region’s
monsoon to fail, which causes a severe drought in East Africa and India [56].
Westerlies and storm tracks are redirected towards the Equator, resulting in
stormy, rainy winter weather in California and the dry Southwest of the United
States, while the Pacific Northwest’s typically wet winter conditions become
drier and warmer. Drought also occurs because of the westerlies’” displacement in
northern China, northeastern Brazil, and parts of Venezuela. El Nio events typi-
cally happen every two to seven years, based on reef corals, tree rings, and
long-term records of ENSO departure from historical recorded records. The oc-
currence and severity of these episodes, however, change throughout time [57].

Another example of an interannual oscillation that has a major impact on the
climate of the Earth system and the Northern Hemisphere is the North Atlantic
Oscillation (NAO) [58]. The pressure gradient, or difference in air pressure, be-
tween the Icelandic low, which is often located between Iceland and Greenland,
and the subtropical high, which is typically positioned between Gibraltar and the
Azores, is what causes this phenomenon. When the pressure gradient is steep
due to a strong subtropical high and a deep Icelandic low, northern Asia and
northern Europe continue to have wet, warm winters with frequent intense win-
ter storms (positive phase). South Europe is dry at the same period. Positive
NAO phases also result in warmer, less snowy winters in the eastern United
States, albeit the effect is less pronounced than it is in Europe. When both a weak
subtropical high and an Icelandic low coexist, the NAO is in a negative mode,
which attenuates the pressure gradient. When this happens, northern Europe
gets a dry and cold winter while the Mediterranean region receives substantial
winter rainfall. During a negative NAO phase, the eastern United States usually
experiences cooler temperatures and snowfall [32].

The feedback and interactions between the seas and atmosphere cause the
ENSO and NAO cycles. Interactions between these and other cycles, Earth sys-
tem disturbances (e.g., massive volcanic eruption aerosol injections), and several
other variables lead to interannual climate change. The 1991 eruption of Mount
Pinatubo in the Philippines is one instance of a disturbance caused by volcan-

ism; that summer’s worldwide average temperature dropped by about 0.5°C.

7.3. Decadal Change

The weather changes on a decadal time frame, with many years of wet, dry, chil-
ly, or warm weather clusters. The behavior and welfare of people may be signifi-
cantly impacted by these multiyear clusters. For example, the “Lost Colony” at
Roanoke Island in what is now North Carolina was destroyed by a severe
three-year drought in the late 16th century, and the Jamestown Colony in Vir-
ginia had high mortality rates during a subsequent seven-year drought. Howev-
er, recent research suggests that trade disruptions brought on by war may have

also been a factor, possibly interacting with famines and other stresses related to
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the drought. Some academics have also suggested that prolonged, severe
droughts were to blame for the collapse of the Maya civilization in Mesoamerica
between 750 and 950 CE [59].

It is commonly known that there is decadal-scale climatic fluctuation, al-
though it is not totally known what causes it. Interannual changes contribute
significantly to decadal climate variance. The frequency and strength of ENSO,
for instance, evolve throughout time. Repeated El Nio episodes dominated the
early 1990s, and numerous similar clusters have been shown to have occurred
through the last century. Over decadal periods, the NAO gradient’s steepness
varies as well; the 1970s experienced an especially steep gradient.

Recent research has demonstrated that contacts between atmosphere and the
ocean are what produce decadal-scale climate changes. One such fluctuation,
known as the Pacific Decadal Oscillation (PDO) or Pacific Decadal Variability
(PDV), affects the sea surface temperatures (SSTs) of the North Pacific Ocean.
PDO fluctuation is composed of “warm-phase” and “cool-phase” alternating pe-
riods [60]. The former, which includes the years 1925-1946 and 1977-1998—is
characterized by low precipitation in the Pacific Northwest and comparatively
heavy precipitation in coastal Alaska. The latter is marked by coastal Alaska be-
ing relatively dry and the former by the opposite (e.g., 1947-76). PDO fluctua-
tion is shown by coral records and tree rings, which date back at least four cen-
turies.

A comparable oscillation that occurs in the North Atlantic, the Atlantic Mul-
tidecadal Oscillation (AMO), has a substantial influence on the precipitation
patterns in Central and Eastern North America. Florida has comparatively high
rainfall levels while most of the Ohio Valley experiences low rainfall levels when
an AMO in the warm phase (quite warm North Atlantic SSTs) is present. How-
ever, the AMO and PDO have complicated interactions with one another as well
as with interannual fluctuations like the ENSO and Nao. Such interactions may
amplify droughts, floods, or other abnormalities of the climate. For instance, the
early 21st century catastrophic droughts that affected a large portion of the con-
tiguous United States were linked to warm-phase AMO and cool-phase PDO. It
is thought that interactions between the ocean and atmosphere, which have
longer time constants than interannual fluctuations, are what cause decadal var-
iations, including AMO and PDO. The exact processes causing these variations
are not well known. Climate scientists and paleoclimatologists have focused

heavily on decadal climate variability [61].

7.4. Thermal Maxima

Sometime in the early to mid-Holocene, temperatures were greater than they are
now in many places of the world. In certain situations, the rising temperatures
were followed by a drop in the amount of precipitation that was available. Al-
though the phrase “thermal maximum” (also known as the “Thermal Optimum”

or the “Xerothermic Interval”) was formerly used to refer to a single, global oc-
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currence that occurred in North America and across the world, it is now un-
derstood that various places experience multiple peak temperature times. In
contrast to central or eastern North America, northwest Canada, for instance,
reached its peak temperature several thousand years earlier [62]. Moisture
records exhibit a similar level of variation. One of the driest areas on Earth now
is the Atacama Desert, and Bolivia and Chile on the western coast of South
America. But it was substantially wetter in the early Holocene when many other
places were at their driest. Orbital oscillation was the main cause of temperature
and moisture variations during the Holocene, gradually altering the latitudinal
and seasonal distribution of solar energy on atmosphere and Earth’s surface
[63].

7.5. Changes in the Climate since the Advent of Civilization

Climate change has affected human populations since agriculture first emerged
some 10,000 years ago. The societies and cultures of humans have frequently
been significantly impacted by these climate changes. They include the pre-
viously mentioned decadal and yearly climatic variations as well as significant
changes that take place throughout centuries to millennia [64]. The early culti-
vation of agricultural plants and domestication as well as the pastoralization and
domestication of animals are thought to have been influenced by and even in-
spired by these achievements. Even while there is enough evidence to demon-
strate that several civilizations and cultures have broken down in the face of se-
vere and quick climatic fluctuations, human societies have nonetheless evolved

in an adaptable manner.

7.6. Centennial-Scale Variation

The previous 1000 years have seen climatic change on centenary timelines, ac-
cording to ancient recordings as well as alternative data (especially ice cores,
corals, and tree rings). This means that no two centuries have been precisely the
same. The Earth system has recovered in the 150 years after the Little Ice Age,
which was marked by comparatively cold temperatures in the North Atlantic
area and elsewhere. There was a noticeable warming trend in several regions
during the last century. This warming may have been caused by other natural
processes or by the end of the Little Ice Age. In several areas, the 20" century
suffered a significant trend of warming.

On centenary timelines, historical records and proxy data demonstrate that
the climate has altered over the past 1000 years. Because of this, no two centuries
have ever been precisely the same. The Little Ice Age ended 150 years ago, and
the Earth system has since stabilized. Throughout the Little Ice Age, tempera-
tures were extremely low both in the North Atlantic region and globally. The
20th century saw a noticeable warming trend in several places. However, many
climate scientists think that the atmospheric buildup of greenhouse gases, par-

ticularly CO,, in the latter decades of the 20" century was a significant contribu-
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tor to the warming.

The Little Ice Age is most associated with the North Atlantic region and Eu-
rope, which experienced some extremely cold temperatures between the early
14th and mid-19th centuries. Since there were many mild years throughout this
time due to interannual and decadal fluctuation, it was not a period of consis-
tently chilly weather [65]. Furthermore, the coldest times did not necessarily
occur at the same time in every place; some had reasonably moderate circums-
tances while others saw extremely low temperatures. Churches, farms, and com-
munities were destroyed by Alpine glaciers when they expanded well beyond
their predetermined boundaries, affecting France, Switzerland, and other coun-
tries. Frequent cold winters and rainy, chilly summers caused damage to wine
harvests, failed crops, and starvation in a large portion of central and northern
Europe. The eastern colony of Greenland was abandoned, while the western one
perished from starvation.

Northern and central Europe experienced a period of comparatively warm
weather prior to the Little Ice Age. From around the year 1000 to the beginning
of thel5™ century was the Mediaeval Warm Period. In most of Europe, abundant
crops were a result of mild summers and winters. Wheat cultivation and vi-
neyards were extremely effective in latitudes and elevations significantly higher
than they are now. The North Atlantic area has extensive documentation of the
Mediaeval Warm Period, including ice cores from Greenland [66]. On the Saudi

Arabia Northern region many new studies on flora are from [67]-[79].

7.7. Millennial and Multimillennial Variation

Variations and trends at both millennial periods and longer are overlaid atop the
climate changes of the previous millennium. The past 3000 years have been
marked by patterns of greater cooling and increased effective moisture, accord-
ing to several indications from eastern North Europe and America. For instance,
in the Great Lakes-St. Lawrence region along the US-Canada border, peatlands
developed and spread, plants that like wetness, such as hemlock and beech, ex-
tended their ranges westward, while populations of boreal trees, such as tama-
rack and spruce, prospered and expanded southward. All these trends point to
an increase in effective moisture that may be caused by an increase in precipita-
tion, a decrease in evapotranspiration owing to cooling [80]. Throughout the
previous 3000 years in both eastern North America and Western Europe, spruce
in the south and beech thrived in the north. The beech expansions may indicate
warmer winters or longer growth seasons, whereas the spruce expansions are
associated with milder, more humid summers.

During the same time span, other areas grew warmer and drier. For instance,
over the last 3000 years, moisture levels have decreased in northern Mexico and
the Yucatan. This kind of heterogeneity is typical of climate change, which en-
tails shifting atmospheric circulation patterns. Heat and moisture are trans-
ported through the atmosphere in different ways because of changing circulation

patterns. This finding clarifies the seeming paradox of divergent trends in tem-
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perature and moisture in various places.

The Holocene Epoch, an interglacial period of around 11,700 years, has seen
several changes to the climate, the most recent of which occurred in the last 3000
years. At the beginning of the Holocene, continental glaciers from the previous
glacial age still blanketed much of eastern and central Canada and portions of
Scandinavia. Many of these ice sheets vanished 6000 years ago. Lack of them had
an impact on atmospheric circulation, as did warming sea surfaces, increasing
sea levels (from glacial meltwater entering the oceans), and variations in the
Earth’s surface radiation budget brought on by Milankovitch variations (season-
al shifts brought on by cyclical adjustments of Earth’s orbit around the Sun). The
presence of early to mid-Holocene heat maxima in several areas, modifications
to the ENOS pattern, and an early to mid-Holocene amplification of the Indian

Ocean monsoon are a few examples [56].

7.8. The Indian Ocean Monsoon Intensifying

A vyearly climate cycle known as the Indian Ocean monsoon has a major influ-
ence on most of the Middle East, Africa, and the Indian subcontinent. This
area’s climate is quite seasonal, with clear skies and dry air in the winter and
gloomy skies and copious rains in the summer. Like other facets of the climate,
monsoon strength is prone to interannual, decadal, and centenary fluctuations,
some of which are correlated with ENSO and other cycles. There is a tone of
proof that the severity of the monsoons varied greatly over the Holocene Epoch.
According to palaeontological and palaeoecological research, the area saw sig-
nificantly higher precipitation in the early Holocene (11,700 - 6000 years ago)
than it does now. Under the sand in certain areas of the Sahara Desert, materials
from lakes and wetlands from this period have been discovered. Elephant, cro-
codile, hippopotamus, and giraffe fossils are among those found in these strata,
which also show woodland flora and pollen evidence of forest [81]. In the arid
and semi-arid parts of India, Africa, and Arabia, shallow, saline lakes have re-
placed deep, massive freshwater lakes in basins that are now dry. These formerly
prosperous civilizations, such as the Harappan civilization of northwest India
and the neighboring Pakistan, involved the grazing of animals and the cultiva-
tion of plants.

These and other lines of evidence imply that the Indian Ocean monsoon was
substantially intensified during the early Holocene, providing plenty of moisture
deep inside the Asian and African continents, coupled with geochemical and pa-
leontological data from climate modelling and marine strata studies. High solar
energy in the summer was the source of this amplification, which was roughly
7% stronger 11,700 years ago than it is now due to orbital forces (variations in
the Earth’s axial tilt, precession, and eccentricity). Summer air temperatures in-
creased due to high insulation, which decreased surface pressure across conti-
nents. As a result, the Indian Ocean sent more humid air into the interior of the

continents. According to demonstrating learning, feedback including the at-
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mosphere, plants, and soils increased the monsoonal flow. More moisture led to
drier soils and more luxuriant vegetation, which in turn led to an increase in
precipitation and made it possible for moist air to travel farther into the interiors
of continents. The Indian Ocean monsoon has weakened over the last 4000 -

6000 years because of declining summer insolation [82].

8. Climate Change and Sustainable Development
Relationship

Climate change and sustainability are strongly intertwined. They both have an
impact on the environment and society, first. Reduced climate change’s negative
consequences on the environment and society are the goal of sustainable devel-
opment. Both are negatively impacted by climate change, which is presently a

major global problem.

8.1. Sustainability of the Environment and Climate Change

Because of the effects that climate change has on the environment, the latter has
a significant influence on how the two interact. Because of the effects that cli-
mate change has on the environment, the environment has a significant influ-
ence on how the two interact. This indicates that reducing the consequences of
climate change requires maintaining environmental sustainability.

Maintaining sustainability in the natural environment is the primary goal of
environmental sustainability. It also means safeguarding the natural environment,
including wildlife and natural resources like clean water and air, for the benefit of
future generations. This indicates the need to maintain environmental sustaina-

bility to reduce the consequences of climate change [83].

8.2. Agreement on Trade, Sustainability, and Climate Change

The Agreement on Climate Change Trade and Sustainability (ACCTS), which
was introduced in 2019, was developed by five countries: Costa Rica, Switzer-
land, New Zealand, Iceland, Fiji, and Norway. This initiative’s major objective is
to reduce environmental problems all around the planet by pressuring nations to
act on issues like climate change and the environment. The primary issues re-

solved by this agreement are:

8.2.1. Restrain Fossil Fuel Subsidies

Greenhouse gases are released when fossil fuels are utilized. The primary cause
of greenhouse gases, which include CO,, nitrous oxide, and hydrocarbons, is
global warming, which has the potential to cause long-term climate change. The
ACCTS aims to lessen the use of fossil fuels while promoting the improvement
of air quality by cutting back on fossil fuel subsidies. Thus, this strategy would

lessen the effects of climate change [84].

8.2.2. Remove Tariff on Environmental Goods

Environmental products are now subject to tariffs, which are government-imposed

DOI: 10.4236/0je.2024.141002

45 Open Journal of Ecology


https://doi.org/10.4236/oje.2024.141002

K.Z. Ghanem

duties on imported commodities that lower the price of the commodity and
make domestic goods less competitive. These goods include measures to protect
the environment and the climate, as well as alternative energy, lowering air pol-
lution, waste management, and other topics. To make it simpler for nations to
protect the environment and the climate, the ACCTS seeks to do away with

these tariffs on environmental commodities [85].

8.3. Climate Change and Sustainable Energy

Energy is essential in the fight against climate change. This is since, even though
certain energy sources serve to alleviate the consequences of climate change,
others can increase harmful environmental effects like global warming. For in-
stance, non-renewable energy sources like gas, oil, nuclear power, and coal are
limited in supply. They are not sustainable and fuel the global warming trend,
which causes climate change. In contrast, renewable energy sources such as so-
lar, wind, wave, biomass, geothermal, and hydropower are referred to as sus-
tainable energy. Because it doesn’t emit greenhouse gases, this form of energy is
clean. Pollutants and greenhouse gas emissions will be decreased by adopting
these sustainable energy sources, helping to mitigate the long-term effects of

climate change [86].

8.4. Sustainability in Cities and Climate Change

Urbanization is growing as the world is expanding. The negative environmental
effects that metropolitan cities may have include suburban development, inade-
quate sanitation, poor water and air characteristic, significant ecological impres-
sions, excessive energy consumption, and climate change, to name just a few
[87] [88]. One of the detrimental effects of urbanization that contributes to cli-
mate change and further harms metropolitan regions is extreme weather. As a
result, climate change may influence metropolitan areas’ infrastructure, electric-
ity, and water sources. While reducing the impact that urban areas have on cli-
mate change, urban sustainability aims to develop sustainable solutions for ur-
ban zones to preserve livable circumstances that are beneficial to society and its

economy [89].

9, Conclusions

Long-term changes in temperature and weather are referred to as “climate
change.” Such fluctuations may be caused by massive volcanic eruptions or vari-
ations in the energy of the sun. Global warming is included in climate change,
but it also refers to a wider variety of changes that our world is through.

Climate change including: increased sea levels, alpine glaciers that are thin-
ning, Greenland, Antarctica, and the Arctic that are shedding their ice quicker
than usual, and time changes for plant and flower blossoming.

To learn more about climate solutions: conserving energy at home, chang-
ing the energy source in your house, pedaling a bike, using a bus, or taking a
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walk, using an electric car instead, thinking about the journey, attempting to

learn Reduce, reuse, repair, and recycling all environmental resources; more

veggies must be consumed; reducing food waste.
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