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Thermodynamics of the Earth system™

Emergent patterns and predictable featunes
of the Earth system, such as climate classi-
fications and surface energy balance parti-
tioning, despite their being the outcomes
of a sequence of complex processes, engen-
der the belief that they are driven by some
deeper lying principles or laws of nature.
All living and performing systems in the
universe are sustained by performing work
by drawing energy from some available
enery source to create other forms of en-
ergy, albeit of lower potential. The orderng
principle must, therefore, reside in the pro-
ceszes of enerpy transformation and the
resulting arbitrage, subject to the overriding
condition of the comservation of energy-
Thersfore, the key to understanding these
principles lies in the constraints imposed
by the laws of thermodynamics on Earth
sysi2m pProcesses.

It is particularly the second law which
<e1s the direction of natural energy conver-
sions and limits the muximum possible
work that can be performed under a ther-
modynamic disequilibrium. While the dynn-
rmics of Earth system processes are known
1o be constrained by physical laws like
conservation of energy, mass, and momen-
um, a gquantitative snalysis of the work
performed by (hese processes in the Earth
system provides novel insights into Earth
system functions ranging from surface
energy balance, hydrologic cycling, bio-
gphere activity, anthropogenic effects on
these process as well as the effects of cli-
mate change. The resulting view of the
Earth as a thermodynarnic, interconnected
system opens up insightful ways to com-
municate the essentials of Earth system
science in & simple yet physical way.

The idea of the workshop was prompled
by the expectation that abstraction of the
quintessential features of major Earth sys-
tem processes: the simosphere, the hydro-
sphere, the climate, ecosystems and human
society, had the potentinl to reveal some

* A report on the workshop on Thermodynamics
of the Earth System, held during 11-15 March
2024 st Jslamic Unmversity of Scence snd
Technology (JUST) Kashmir. The evenl was
jointly conceived and structured by V, K. Gaur
of CSIR Fourth Paradigm Institute, Benpalury,
andd Axel Kleidon mnd his co-workers from the
Max Planck Institute of Biogeochemistry, Gep-
muany. It was spensured by the [UST,
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optimality principles in energy transfer
that may illuminate approaches to betier
understand and manage such systems, par-
ticularly those enginecred by humans. It
was delivered through ten lectures, 1wo
cach in the moming sessions and five,
150 min long aflernoon sessions devoted to
hands-on problem-solving.

The workshop began with the maugural
address of Shakil Romshoo, the Vice
Chaneellor of [UST, in which he highligh-
ted the challenges posed by global warming
and climate change to work and livelihood
issues faced by the people and administra-
tive agencies in the Kashmir region. These
problems underlined the importance of the
workshop in directing the course of re-
gearch and development in directions that
would directly contribute to empowering
people with knowledge of the evolving
mature of environmental bazards in the re-
gion, as well as imaginative approaches (o
harness the value of regional resources. It
was followed by an overview of the science
of thermodymamics by V. K. Gaur, who
illuminated the pathways of its growing
conceptual space from the abstraction of
the idea of energy transaction costs, to its
rootedness in molecular organization and
variabilities of stale, whose measurability
has shown us the way to design insightful
algorithms for Al epplications,

In the subsequent lecture, Axel Kleidon
expounded on the role of entropy and the
second .IW of thermodynamics from finite
to infinitely possible deprees of freedom.
Thus, he explained how three differcnt
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:’_"’ incoming solar rmdiation: (i) the few
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The aforementioned structure was folle-
wed on the remaining four days, apphisd 1o
other major Earth system componznts, as
follows.

In ihe next lecture, Axel Kleidon explai-
ned how the disequilibrium on Earth caused
by the differential radiative heating of the
Earth’s surface was dissipated by the work
performed by the vertical turbulent fluses
and poleward heat transport, shaping sur-
face temperatures and the large-scale cir-
culation pattems respectively. Howeven
{he resulting heat transport, in tum, reduced
the driving temperature differences, result-
ing in the maximum possible work that can
be performed by the atmosphere to main-
tain the motion and exchange of heat. This
limit on work yields a “maximum power’
limit from which simple yet realistic t2m
perature variations can be inferred.

In the following lecture, Sarnsh Al
Ghausi demonstrated that the atmosphers
operates close to this thermodynamic bt
of maximum power using real du Fic
showed that this approach waorks very e
in estimating temperatures, from the diurs
to climatological scale, their spanal -
temporal variability, as well as their 55
tivity to global warming. ,

In explaining the thermodynamics o
hydrological cycle, Axel Kleidon hl;:**
lighted the role of saturation 3 the ="
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