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Earth System Science and the second
Copernican revolution

Raghu Murtugudde

An elegant definition for the Farth System was put forth by Schellnhuber as consisting of the eco-
sphere and the anthroposphere, where the ecosphere includes all natural spheres such as the geo-
sphere, atmosphere, cryosphere and the biosphere. Human being has evolved into a dominant
anthroposphere with his impact on the functioning of the Earth System so dominant now that a new
geologic period called the Anthropocene is underway. As the global human is beginning to realize
his dependence on the ecosphere for future survival, global governance is being contemplated for
navigating the future evolution of the Earth System. For all denizens of planet Earth, it is absolutely
crucial to attain development to be more in harmony with the ecosphere and use natural resources
sustainably. A critical component of ecosphere—anthroposphere balance will depend on the educa-
tion of future generations. A careful planning of higher education is called for to achieve such
development to not only produce a globally aware workforce but also train Earth System scientists
who are ecospheric doctors and surgeons capable of monitoring the pulse of the planet, diagnosing

the ailments, and devising the remedies needed for sustainable functioning of Gaia’s body.
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SCHELLNHUBER' compares the evolution of understand-
ing of human body over the last several millennia to the
more recent expositions on the functioning of the Earth
System, especially as a potentially self-regulating Gaia®.
He further notes that the invention of the microscope and
the telescope in the 17th century which allowed Coperni-
cus to show that Earth was not the centre of the universe
and also essentially initiated the culture of individual
research and invention leading up to the industrial revolu-
tion. The contrast with the 20th and the 21st centuries is
remarkable in terms of going into space and looking back
at the complexities of Earth as a system and visiting other
planets and even leaving the solar system. More impor-
tantly, ‘big science’ is here in terms of the Intergovern-
mental Panel on Climate Change (IPCC) leading global
negotiations of actions needed to adapt to and mitigate
the impacts of climate change, attributed to human
actions (IPCC 2007). Schellnhuber terms this era of big
science and the investigation of physiology of the Earth
System as the second Copernican revolution.

Global governance issues being dealt with by IPCC
and the UN in general, span the gamut from food and
energy security to human health and place climate issues
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at the forefront of human existence, raising serious con-
cerns about continuing with business as usual in the way
the global human consumes natural resources. Especially
in a natural resource-limited country with a rapid popula-
tion growth like India, this Earth System functioning is a
quintessential question of survival for most citizens. Deve-
loping countries now face a unique opportunity for inno-
vation in education, science and technology to leapfrog
the follies of unplanned growth achieved by the devel-
oped world. More importantly, it raises fundamental
questions about the way we should be educating the
newer generations as every human action begins to inti-
mately interact with the functioning of the planet that
hosts us. The focus of this perspective is to offer a road-
map for Earth System Science education and speculate
about the best way to foster interdisciplinary education to
train a globally aware workforce that will extend safe
regimes of human existence on our planetary home by
constantly seeking and maintaining pathways for sustain-
able development.

In its most simplistic, motherhood sense, sustainability
is the ability of one generation to use the resources with-
out jeopardizing the ability of the future generations to
access the same resources’. A mathematical definition of
sustainability would require the local rate of change for
all the resources by all organisms to be zero' These
elegant and yet impractical definitions highlight the edu-
cational challenge for Earth System Science. Considering
that sustainability as a goal would require many strategies
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to accomplish the goal and the tactics to implement the
strategies will have to focus on adaptive management
with participatory decision making and learning-by-doing
as the mode of operation from regional to global scales”.
Our education system must thus prepare future genera-
tions to function within this paradigm, highlighting the
imperative to create teachers, technocrats, bureaucrats
and policy wonks that can communicate across discipli-
nary and cultural boundaries to navigate human-natural
system interactions and decisions on the sustainability
highway.

Educational imperatives

A detailed piping diagram of the Earth System was given
by Fisher® and Schellnhuber' in the Bretherton diagram.
Bretherton diagram is an excellent map of the complex
feedbacks in the planetary machinery and an indicator
panel for physical and social sciences needed as the
foundation for Earth System Science education. The new
educational paradigm must be based on the new intrinsic
fact of the anthropocene”® that all human actions leave an
imprint on the Earth System. The awareness education
about the Earth System thus has to start at as early an age
as possible. Needless to say, increasing course-work
for elementary to middle school curricula is neither nec-
essary nor a panacea and may in fact be counter-
productive.

Earlier the better

My suggestion would be to expand education to include
more nature trips for elementary and middle school
students and simple measures such as installation of
weather stations in every school. Simply noting various
weather parameters every day over a few years and trying
to understand the concept of environmental variables such
as temperature, humidity, winds and rainfall amounts will
lead to an ingrained instinct to pay attention to the world
around and the interpretation of data over a few years col-
lected by their own hands will provide the solid founda-
tion needed for Earth System analysis as a way of life. A
sense of synthesis and elementary steps towards research
can be instilled by engaging students in activities such as
taking photographs of the insects and vegetation and
documenting the biodiversity. It will also provide an
enormous database for a census on ecosystem biodiver-
sity for all the regions of the country. Similar efforts can
be driven to create databases of environmental variables,
air and water quality, and with appropriate engineering
innovation of hand-held bacterial counters, even digital
libraries of pathogens in indoor and outdoor spaces and
waterbodies including genetic fingerprints’, all collected
by students as volunteers doing field studies and gaining
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practical knowledge of the Earth System and our interac-
tion with nature. Open houses in centres of higher learn-
ing such as the Indian Institute of Science can be
modelled after similar successful efforts at various insti-
tutions such as the University of Maryland or the
Lamont-Doherty Earth Observatory of Columbia Univer-
sity (http://www.marylandday.umd.edu/). Tens of thou-
sands of students and parents would visit the various
departments and laboratories to experience many hands-
on experiments and learn about the research; more impor-
tantly about the numerous educational and career options
that exist. The interdisciplinary nature of Earth System
Science can be woven as a theme from the natural-human
interactions that occur every minute of every day. How
does climate affect the weather in terms of temperature,
heat waves, rainfall, humidity, etc.? How has climate and
the monsoon variability over millions of years affected
human evolution? How do these weather conditions
affect which microbes survive and which pathogens may
re-emerge and how do zoonotic, anthroponocic, water
and vector-borne diseases depend on the weather? How
do people spread diseases? How do computer scientists
and mathematicians combine their fields of expertise in
tracking diseases via computational social science? How
can engineers provide a tool for a water inspector to test
the rivers, streams, lakes and other waterbodies for bar-
coding the DNAs of the pathogens that reside in those
waterbodies? How can a chemical engineer monitor air
and water quality not only in homes, schools and office
buildings, but also on trains and planes? How can a doctor
be given environmental information so that he can track
his patient’s health along with the weather factors and
pollution that may be important in determining the reme-
dies? How can saving energy and reducing the use of
plastic be beneficial to the environment and make our
existence more harmonious with nature? Clearly, a large
number of normative, strategic, operational and analytical
questions can be enlisted'’ to find ways to generate learn-
ing methods that are practical and fun without increasing
work loads for teachers and students. This is also the way
to allow the new generation of students to continue to
grow up to be engineers, doctors and so on, but also carry
a high-level of awareness about the Earth System that
they depend on for their future.

It 1is critical not to provide simply negative messages
about the impending doom and gloom of global warming
but let the young minds grow up with imagination and
exciting possibilities to be what they dream to be and yet
be the stewards of the environment (see ref. 11 for the
African perspective). It is also paramount to enlighten
their minds about Earth System Science not just being
another degree with another line of working for a living
but it being a unique new choice in applying science,
engineering, medicine, economics, journalism and law to
environmental issues as in environmental science, envi-
ronmental medicine and so on.
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Educating the ecospheric doctors

The need for Earth System Science as a field of study was
espoused many decades ago'” but the concept of Earth as
a system was evident in the writings of Vernadsky as far
back as the 1920s'? even though the concept of the physi-
ology of Earth was made famous by Lovelock® as Gaia, a
self-regulating biological entity. Much has been said
about the best way to foster interdisciplinary education'?,
so I will not spend too much space on that thought. India
has already recognized the need for Earth System scien-
tists and has initiated many efforts to train professional
Master’s level students to meet the expected employment
market demand (S. Nayak, pers. commun., 2010). The
efforts outside India have focused on a series of new
courses based on global change and environmental sci-
ences (see ref. 14). This is clearly a straightforward and
apt response to address the need and the opportunity.

The Earth System Mandala: In the spirit of the Brether-
ton diagram, the educational map for Earth System Sci-
ence can be represented as shown in Figure 1. Clearly,
this is hardly comprehensive in terms of the vast interdis-
ciplinary nature of the issue at hand. However, it is a sche-
matic way to consider the educational imperative.
Disciplinary physical and biological sciences are the
bases for understanding the functioning of the planetary
machinery. Natural-human interactions can only be
understood from economical and sociological sciences
and must be combined with disciplinary sciences and
understanding to address the various Earth System issues
such as sustainability, geoengineering, adaptation and
mitigation. Potential impacts of anthropogenic activities
and the need for solutions offer unique new opportunities
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Figure 1. The Earth System Mandala is a schematic for the various
disciplinary and interdisciplinary fields of education in Earth System
Science. More importantly, the curricula for every field of study must
provide a minimum level of awareness of natural-human system inter-
actions and their impacts on the functioning of the Earth System.
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for education in innovations and understanding from ge-
netics to nanotechnology to Earth System Science from
alternative energy to environmental medicine.

The anthroposphere is at the centre of the Earth System
and professional degrees in Earth System Science itself
will obviously have to focus on the land, atmosphere,
ocean, biosphere, cryosphere and the geosphere. All this
education must train a workforce that will be able to
address the global governance issues from the mundane
global Earth System monitoring, carbon cap and trade,
and international negotiations to the much more daunting

job of finding safe trajectories and accessible and in-

accessible domains of safe planetary operation. The most
crucial would be to apply the educational structure, engi-
neering innovations and monitoring, and process under-
standing at all levels to grow a cadre of Earth System
forecasters to generate skillful predictive information for
interactive decision-making and day-to-day management
of resources for sustainability.

Earth system scientists: Professional degrees focused
on practical training will obviously focus on what the
market is expected to demand in terms of expertise and
could range from weather and climate forecasters for spe-
cific applications from resource management to agricul-
ture to human health, observationalists to monitor air and
water quality, wind and solar radiation for energy produc-
tion, regional modellers for downscaling weather and
climate for interactive decision-making and adaptive
management, parks and river keepers, ecosystem manag-
ers, forecasts for insurance and reinsurance industries
and so on. The scope of the education has to then span
the basics of weather and climate, climate change and
sustainability together with the socio-economics of user
needs and stakeholder engagement which are often
underestimated. This is crucial for avoiding the old para-
digm of ‘loading dock™ approach where various models
and empirical products are supplied on websites and are
expected to be simply loaded up on to trucks by users
who need them'®. More and more evidence emerges eve-
ryday on the need to engage users and develop a feedback
process to render the climate information useful and the
newly emerging concept of climate services'® offers a
framework for optimizing institutional and educational
investment for meeting these needs.

Research needs take this a step further in training
social, economic and physical scientists to explore the
natural-human system interactions in the spirit of the
century of the environment we have entered where envi-
ronment is at the centre-stage of everything from ecologi-
cal systems to social justice to national security'’. More
importantly, any future investments in education, training
of the workforce and institutional infrastructure for cli-
mate services in India must consider the past lessons on
putting blind faith in unproven modelling frameworks
and the actual benefits realized by the various sections of
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the population'™'”. Much thought should also be given to
avoiding reinventing the wheel by importing or accessing
as much of the external expertise in global modelling and
focus on dynamical and statistical regional downscaling
for sustainability with a focus on education, research and
training in generating linked products in the sense of
Earth System prediction for agriculture, water, human
health, energy, transportation, biodiversity and sustain-
ability”!®. Regional specificities must also drive not just
the education and training for a monitoring system but
also the technological innovation and engineering and
implementation®**'.

Second Copernican revolution and India: The most sig-
nificant way in which India can innovate educating its
future generations is to propagate the second Copernican
revolution to match the pervasive influence of the century
of the environment. Scepticism about global warming,
especially the attribution to anthropogenic activities, will
continue but the impact of pollution on human health and
water will be an easy case to make. The greatest triumph
will be to use the opportunity to capture new markets in
education, energy, food, transportation and so on, with
innovative approaches by creating a work force that is
fully aware of the second Copernican revolution that is
underway. This is distinct from the work force that has
core education in FEarth System Science. This will consist
of engineers, doctors, physical and social scientists, tech-
nocrats and bureaucrats who are experts in the impact of
the environment on their respective fields and related
societal and economical sectors and will be able to apply
and adapt their expertise to seek solutions, drive inven-
tions and create employment and capture niche markets
to fill the needs as they emerge in response to changing
climate and related cascades in the functioning of the
Earth System.

The new demands of having this work force on the
educational system will be to break down the barriers and
allowing students in one discipline like molecular biology
to work with the faculty in Earth System Science for a
thesis or a chemical engineer to work with an ecologist or
a geneticist to work with food scientist on nutrigenetics
and its role on an individual’s health, or a mathematician
to work with a computer scientist on computational social
science and so on. Clearly, the combinations are infinite
and the liberalization of the disciplinary boundaries will
require nimble administrative structure that will allow
committees to be formed for Ph D students from as many
disciplines as necessary and research fields as far
removed as needed. Clusters of thesis and projects should
be designed to address end-to-end problem’s solutions; for
example, instrumentation, mathematical and theoretical
modelling for integrated assessment of microbes-to-man,
physics-to-fish-to-fishermen-to-fishing fleets-to-markets,
from genes-to-genomes-to-genetics-to-medicines, and so
on. As the initial experiments prove to be successful by
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the quality of the projects and dissertations and the appli-
cations of proposed solutions, students can be allowed to
cross institutional boundaries and float from being a stu-
dent at one institute to doing research at various institutes
as required by the laboratory facilities, field studies, and
advice from various experts at other national or interna-
tional and governmental or non-governmental institu-
tions.

The goal must always be to identify and satisfy needs
from intellectual curiosity to institutional and socioeco-
nomic needs to military—industrial and governmental
mandates to deal with the adaptation to and mitigation of
climate change impacts. This will set India apart in lead-
ing the second green revolution as in green technology
and green solutions; food security being but one small
part of the new green revolution.

Concluding thoughts

Whether one believes in climate change and the human
impact or not, and despite the uncertainty in the potential
impacts of increasing greenhouse gases in the coming
years and decades, the train of global actions for global
governance is already on the move. Since every living
thing on the planet is already on this train, not responding
to the impending potential impacts of climate change is
akin facing backwards to pretend as if the train is not
moving. It is imperative for the global human to do all he
can to avoid the unacceptable solutions for the function-
ing of the Earth System. And this requires an educational
system that will train the coming generations to clearly
identify the undesirable domains of Earth System evolu-
tion and find solutions to avoid those pathways. I have
provided my own perspectives on some of the essential
elements to accomplish this daunting task. I would
reemphasize that this also offers the biggest opportunity
of the entire human history on this planet where the
spaceship is safe only if every rider is safe just like an
airplane cannot be made any safer for the first class than
the economy class. Rich and poor countries are together
on this shared journey and India can do well to devise an
educational system to exploit the opportunities and train a
workforce to lead the innovation required to find these
solutions for the safe functioning of the Earth System on
this journey.
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