Environmental / Earth Systems Science Education Strategies
The following strategies outline a process of inquiry co-developed by a large number of
science educators within the Earth Systems Science Education Alliance. http://essea.strategies.org

The work of ESSEA was initially funded by the National Science Foundation with additional
support from NASA and NOAA.
I have adapted much of that earlier work and infused my own ideas. I currently employ
similar Earth Systems Event Analysis strategies in my teaching of undergraduate and
graduate students in Environmental Science and Science Education at Southern
Connecticut State University, New Haven, Connecticut - USA.
Together with hands-on / minds-on community and place-based environmental science
field studies (adapting GLOBE Program protocols), these strategies engage learners in
investigations of the natural world, with local and immediately relevant contexts, as well as
exciting natural phenomena operating globally.
Scott M Graves Ph.D.
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Earth System Science and Earth's Spheres
Everything in Earth's system can be placed into one of four major subsystems: land, water,
living things, or air. These four subsystems are called “spheres”, and can be envisioned as
a system of concentric spherical shells or volumes. Boundaries between spheres can be
fairly sharp, as in the interface between ocean surface and overlying atmosphere, or diffuse
as in water droplet clusters - as clouds - riding in the atmosphere. Similarly, the boundary
between geosphere and hydrosphere might at first appear to be sharp, as in a lake or
ocean bottom and underlying bedrock. However, in most instances, water is present in
subsurface geosphere materials, as interstitial (between grains) saturating groundwater.
Likewise, geosphere materials (specifically rock formations and soils can contain significant
water and gases. Finally, the Biosphere boundaries can be seen to permeate significantly
into all spheres.
For the purposes of our discussions, we will consider the major spheres as:
• the geosphere (land surface, including rock formations and loose sediments, underlying sedimentary, metamorphic
and igneous-bedrock. While most of our discussions will involve processes acting at or near the Earth's surface,
we will also include Earth's internal material and processes acting there when we refer to the "geosphere"
(includes the Crust and underlying Mantle and Core, as well as Plate Tectonic processes),
• the hydrosphere (water in oceans, lakes, rives, streams, groundwater and soils, suspended in the air, also the
“cryosphere” – polar ice caps, glaciers, sea ice, permafrost),
• the biosphere (all living things, including organisms within the soil, in water, in extreme environments, as plants and
animals, birds, fish, insects, even bacteria, fungi and viruses), and finally
• the atmosphere (air, including all solid, liquid and gas particles and processes in the layers from earth surface up to
many kilometers altitude - stratosphere, ionosphere even).
Each of these four spheres can be further divided into sub-spheres as mentioned, however to keep things simple in this
discussion, there will be little distinction among the sub-spheres of any of the four major spheres. For reference, a brief
description of the "spheres" and some of their important components follows.
Geosphere
The geosphere contains all of Earth's solid rock formations, continental as well as oceanic crustal
rock, the underlying "lithosphere", and deeper-still the fluid "asthenosphere", underlying "mantle"
and outer and inner "core". The surface of the geosphere is very uneven (see image on right).
There are high mountain ranges like the Rockies and Andes (shown in red), huge plains or flat
areas like those in Texas, Iowa, and Brazil (shown in green), and deep valleys along the ocean
floor (shown in blue).
The solid, semi-solid, and fluid components of the geosphere form layers that are physically and
chemically different. If someone were to cut through Earth to its center, these layers would be
revealed like the layers of an onion (see right image above). The outermost layer of the
geosphere consists of loose soil rich in nutrients, sediments, hardened rock formations and
bedrock (both continental and oceanic forms), all relatively rich in oxygen, and silicon. Beneath
this crustal layer lies another solid crustal formation called the "lithosphere". This is where the
"plates" of Plate Tectonic Theory are segmented. Driving plate motion is action within the
underlying more-fluid asthenosphere (upper-most fluid mantle) and mantle. The upper Mantle
and asthenosphere is richer in heavier elements including iron and magnesium. The lower
Mantle is even richer in these heavier chemical elements. Below the mantle is a fluid outer core
of nickel and iron. At the center of Earth is a solid core of nickel and iron.
Hydrosphere
The hydrosphere contains all the solid, liquid, and gaseous water of the planet.** It ranges from 10
to 20 kilometers in thickness. The hydrosphere extends from Earth's surface downward
several kilometers into the geosphere and upward about 12 kilometers into the
atmosphere.
A small portion of the water in the hydrosphere is fresh (non-salty). This water flows as
precipitation from the atmosphere down to Earth's surface, as rivers and streams along
Earth's surface, and as groundwater beneath Earth's surface. Most of Earth's fresh water,
however, is frozen (cryosphere is the term used for this, and includes continental as well as
alpine glacial bodies).
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Ninety-seven percent of Earth's water is salty. The salty water collects in deep valleys along
Earth's surface. These large collections of salty water are referred to as oceans. The image
above depicts the different temperatures one would find on oceans' surfaces. Water near the
poles is very cold (shown in dark purple), while water near the equator is very warm (shown in
light blue). The differences in temperature cause water to change physical states. Extremely
low temperatures like those found at the poles cause water to freeze into a solid such as a polar
ice-cap, a glacier, or an iceberg. Extremely high temperatures like those found at the equator
cause water to evaporate into a gas.
** Note: Scientists specializing in ice and glacial dynamics often place frozen water--glaciers, ice-caps, and icebergs--in
its own sphere called the "cryosphere." For the purpose of this course, however, frozen water will be included as part of
the hydrosphere.
Biosphere
The biosphere contains all the planet's living things. This sphere includes all of the
microorganisms, plants, and animals of Earth.
Within the biosphere, living things form ecological communities based on the physical
surroundings of an area. These communities are referred to as biomes. Deserts,
grasslands, and tropical rain forests are three of the many types of biomes that exist
within the biosphere.
It is impossible to detect from space each individual organism within the biosphere.
However, biomes can be seen from space. For example, the image at right distinguishes
between lands covered with plants (shown in shades of green) and those that are not
(shown in brown).
Atmosphere
The atmosphere contains all the air/gases above the surface of the Earth. It extends
from less than 1 m below the planet's surface (gases in between soil particles) to more
than 10,000 km above the planet's surface. The upper portion of the atmosphere
protects the organisms of the biosphere from the sun's ultraviolet radiation. It also
traps heat. When air temperature in the lower portion of this sphere changes, weather
occurs. As air in the lower atmosphere is heated or cooled, it moves around the planet.
The result can be as simple as a breeze or as complex as a tornado.
Anthrosphere
The anthrosphere is an important additional sphere within which humanity’s interests,
interactions and impacts on the other spheres in the Earth System can be considered. The
anthrosphere is on the one hand less distinct and its boundaries less visible at first
inspection. However, the influence, interactions and impacts of humanity on the other
spheres result in significant and often easily recognizable changes. The anthrosphere
permeates all other spheres as our interactions with nature and natural resources
transform the landscape, alter the distribution of life in the biosphere (ecosystems), and
chemically change the atmosphere and oceans. Humanity is as powerful as a “geologic
agent” to the extent that we can literally “move mountains” alter the path of rivers and
fundamentally change many aspects of the biosphere.
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What Is Earth System Science?
A system is a collection of individual parts that work together as a complex whole. For example, the human body is a
system made up of many parts called organs. Organs, such as the heart, stomach, and lungs, work together so that a
human can live.
Earth is also a system. More precisely, Earth is a system of systems, generally regarded to consists of four major parts
called "spheres." Earth's spheres include:
o the geosphere, which contains all of the planet's rock material, including soils;
o the hydrosphere, which contains all of the planet's water, including the cryosphere;
o the biosphere, which contains all of the planet's living organisms; and
o the atmosphere, which contains all of the planet's air.
These four major spheres are closely connected. In some places they blend so much that it is difficult to distinguish
between them. Consider the soil. Soil contains minerals from rock, water, microorganisms, and air.
Earth's spheres are so closely connected that a change in
one sphere often “causes” a change or impact in one or
more of the other spheres. An event is a change or impact
that can occur as a result of natural processes, such as an
earthquake or hurricane. An event can also occur as a
result of human activities (this is the “anthrosphere” at
work), such as an oil spill or air pollution. Not only can an
event cause changes or impacts to occur in one or more of
Earth's four spheres, it can also be the “effect” of such
changes. The two-way, cause and effect relationship
between events occurring within and across spheres is
called an "interaction". We could site many examples of
interactions occurring between spheres such as: changing
winds within the atmosphere affecting the hydrosphere
(waves and wind-driven currents), which in turn can affect
the geosphere by moving beach and/or lake and seafloor
sediments. Another example would be snowfall in high-latitude regions changing the "Reflectivity" of the ground surface
(from dark=absorbing solar energy, to light/white=reflecting solar energy). These changes result in a feedback loop; with
the geosphere changes affecting the atmosphere again. Such "feedback loops" are good examples of interactions that
have a cascading effect among processes at work within the system of spheres.
Interactions that occur as the result of events such as floods or tornadoes usually have localized impacts. The reason is
that the damaging forces of these events--flood waters and funnel clouds--usually only travel a small distance from their
point of origin. On the other hand, the effects of events such as El Niño or ozone depletion may cause interactions that
are observed globally. The El Niño event--a change in the ocean currents off the coast of Peru, with driving forces
extending all the way across the equatorial pacific--can cause changes in weather patterns over all of North America;
while ozone depletion above Antarctica may cause increased levels of ultra-violet B radiation around the world.
The effects of an event may be positive or negative (from the perspective of humanity, and either local or regional
economic factors). At first glance, all the effects of a forest fire may appear to be negative. Fires (event) burn the trees
(biosphere), the barren soil (geosphere) becomes more susceptible to erosion, and the highly erodible soil gets washed
into streams (hydrosphere) where it chokes aquatic organisms (biosphere). However, some effects of such events are
good--even effects from events such as forest fires. For example, the seeds of some trees must experience extremely
high temperatures in order to germinate. Such trees benefit from forest fires. Wherever an event, however "extreme"
and/or "hazardous" (from a human perspective) takes place, the processes operating are nonetheless a part of the
naturally operating earth system dynamics. Such events are perceived as hazardous or negative when they upset what
humanity deems "the norm". Still yet, and only recently, has humanity been in a position to "decide" what is acceptable
and what is not, as far as threats to local habitats and communities of species, including human economic interests, etc.
Though the aftermath of an event may linger for years, the actual direct impacts can be seen either in the short term or
over the long term. The initial effects of a flood are generally short term. The flood waters usually subside within a few
days or weeks. The effects of events such as ozone depletion, on the other hand, may be felt for generations.
Understanding the interactions between and among Earth's spheres and events enables people to predict the outcomes
of events. Being able to predict outcomes is useful when, for example, developers wish to know the environmental
effects of a project, such as building an airport, before they begin construction. Understanding the interactions that occur
within Earth's system also helps people prepare for the effects of natural "disasters". Consider volcanic eruptions.
Understanding the force and nature of a volcanic eruption permits scientists to predict how far and in what direction the
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lava could flow or where ash may fall.
Another, and often under-appreciated situation can be seen in the reaction to events such as hurricanes and coastal
development. Where hurricane devastation can be relatively well
predicted, still the collective memory of the devastating effects (in the mind
of local and regionally/economically affected people) can mislead both
developers and local residents into a position of complacency. Some
coastal situations are notorious for their susceptibility. Nevertheless, and
often, both the economics, real-estate worth, and insurance interests may
drive an ambition to repeatedly "recover" from what are perceived as
"extreme" events. for more, see: http://www.haznet.org
Image at right from NASA's Visible Earth: Hurricane Andrew, 1992

Natural hazards, like hurricanes and shoreline erosion, affect everyone
who lives and works on the coast. While you cannot control the forces of
nature, you can learn how to protect your home, community, business and loved ones. Haznet is the place to find out
how Sea Grant programs nationwide are working together to better understand coastal natural hazards and develop
ways to reduce their impacts on lives, property and coastal economies.
Other interesting links can be found at: Coastal development will lead to hurricane disaster an article in the Naples
Florida Daily News, or NOAA's Information on Coastal Development and Hurricanes and Coastal Hazards

The result is that coastal development and rebuilding often occurs in settings that will continue to experience hurricane
damage. The "cost"? Federally secured "flood insurance" (see FEMA) and all interested parties vying for compensation
for losses. And then, with a few years - to a decade, or more - of "fair weather prevailing, and all memory of the "danger"
is forgotten. The result is that coastal habitation in vulnerable settings is sustained, at ever increasing costs. Even if you
live far from any coast, you may still have to deal with analogous situations. River valley flooding and the "insurance"
policies in-place (federally secured) are just as applicable. It is the positioning and placement of "permanent" human
settlement in precarious geologic settings that is the point. Certain physical settings are much less suited to siting a
dwelling. It appears that our very human perception of events in time and their relative recurrence potential is what is the
greatest threat to our interests.
Studying the interactions between and among an event and Earth's spheres is called Earth system science (ESS). In
Earth system science, there are ten possible types of interactions that could occur within Earth's system. Four types of
interactions are between an event and each of the Earth's spheres:
event
event
event
event

geosphere
hydrosphere
biosphere
atmosphere
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The double-headed arrows (
) symbolize that the
cause and effect relationships of the interactions go in both
directions. For example, "event
hydrosphere"
refers to the effects an event could have on the
hydrosphere, as well as the effects the hydrosphere could
have on an event. These four types of interactions can be
illustrated in an Earth System Diagram like the one below:
In addition to the interactions above, there are six
interactions that occur among Earth's spheres:
geosphere
hydrosphere
geosphere
biosphere
geosphere
atmosphere
hydrosphere
biosphere
hydrosphere
atmosphere
biosphere
atmosphere
Again, the double-headed arrows (
) symbolize that the cause and effect relationships of the interactions can go
in both directions. For example, " geosphere
hydrosphere" refers to the effect the geosphere could have on the
hydrosphere, as well as the effect the hydrosphere could have on the geosphere.
These six types of sphere interactions are illustrated in gray in Earth System Diagram below (the four event
sphere interactions are also included in this diagram; they are depicted in light blue):

The ten types of interactions that can occur within Earth's system can occur in cycles called feedback loops. Feedback
loops control or modify input, or the cause of a change. Positive feedback loops reinforce or intensify the effects of an
input, while negative feedback loops lessen or diminish the impact of an input. Be sure not to confuse positive and
negative feedback loops with positive and negative effects of a change.

Scott M. Graves, Ph.D.
Science Education & Environmental Studies
Southern Connecticut State University

Earth's temperature and the subsequent formation of sea ice are controlled by a positive feedback loop. A drop in Earth's
temperature (input) can result in the formation of sea ice. Sea ice reflects the sun's light back toward space. An increase
in sea ice would result in more of the sun's light being reflected back into space. This would result in further cooling of
Earth's atmosphere and the formation of more sea ice. Thus, the presence of sea ice--because of a cool climate-reinforces the further cooling of Earth's climate (input) and the formation of more sea ice.
Earth's temperature is also controlled by negative feedback loops. Water vapor and other heat-trapping gases such as
carbon dioxide (CO2) are released (input) into the atmosphere from power plants and automobiles. These heat-trapping,
or greenhouse, gases can lead to an increase in Earth's average temperature. An increase in Earth's temperature can
lead to more evaporation and ultimately increased cloud cover. Clouds and even volcanic ash injected high into the
atmosphere reflect the sun's energy to space before it can reach Earth's surface. The result is global cooling. Thus,
increased cloud cover that results from global warming can lead to global cooling, which lessens the impacts of
greenhouse gases on Earth's temperature.
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An Introduction to an ESS Analysis - PART ONE
Earth system science is conducted by examining each event to sphere, sphere to event, and sphere to sphere
interaction. This approach is referred to as an "Earth system science analysis" or an "ESS analysis."
An ESS analysis is done in three steps, which include looking at
• how the event affects each of the spheres;
• how the spheres affect the event; and
• how the spheres affect each other.

•

Because you will be performing ESS analyses in this
course, you should read through the following information
as it provides an overview of how to do each step of the
ESS analysis. The purpose of this introduction is to get you
thinking about the types of interactions that can occur. The
volcanic eruption that occurred at Mount Pinatubo in 1991
is used as the event for this introduction. As you go through
the step-by-step process, you should post your ideas for
each of the steps in your journal.
When posting your analysis ideas, abbreviate the event
with the letter "E" and abbreviate each sphere using the
first letter of its name (atmosphere = A; biosphere = B; etc).
Use a single-headed arrow (>) to indicate the direction of
effects. For example, the effects of the event on the
hydrosphere should be written as "E >H".
Step 1: Event > Sphere Interactions
How could the event (Mt. Pinatubo) affect each sphere? The answers to this question are the event > sphere impacts.
Refer to the Earth System Diagram below to help you think about the types of interactions that could occur.
Consider how the Pinatubo eruption might affect the spheres, beginning with the atmosphere. Remember to write your
additional ideas in your journal.
E>A
The eruption created tremendous heat and ash cloud,
developed fast rising columns of heated gases,
pulverized rock and ash. This eruptive cloud reached
high into the stratosphere, and actually traveled
thousands of miles, eventually distributing fine ash
globally. There were certainly other impacts on the
atmosphere besides this one. What ones can you think of
that might be added to the list?
E>H
Ash from the eruption fell into the ponds, lakes, and
streams. What impacts might you expect the event to
cause in the hydrosphere? Is the effect of hot ash and
falling debris landing in the streams worth considering?
Don't worry about getting “all” the interactions; you
probably won't be able to. Just focus on identifying one or
two impacts. And remember, the impacts on some
spheres will be more numerous than on others. That's
not a problem.
E>B
The eruption burned, buried and killed the plants and trees, as well as the animals who could not escape, in the area.
How else did the eruption affect the biosphere around Mt. Pinatubo, and regionally? There are the obvious "destructive"
effects on plant and animal life as well as on habitat. You might also consider the "beneficial" effects of distributing a new
layer of fine ash and other related occurrences that might be considered advantages of the eruption.
E>L
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The eruption burned or buried the parts of the soil where the plants put down their roots.
Lastly, what effects might this have had on other aspects of the lithosphere? Here, you might consider the effects on
soils, or perhaps even on the shape of the land surface over and through which water flows.
Step 2: Sphere > Event Interactions
How could each sphere affect the event? The answers to this question are the sphere > event impacts.
Take another look at the Earth System Diagram above. Notice that the arrows go not only from the event to each sphere
but also from the spheres back to the event. While looking at the diagram, ask yourself, "If this happened to the
biosphere because of the eruption, how might that have an effect on the products of the eruption itself?" For example, if
the eruption causes the vegetation to be burned off or buried in the biosphere, or if lavas flowed out across the
landscape, how might that impact the volcano’s developing shape? Clearly, the eruption would be burying the current
land surface. So, a statement like, "The erupted ash and flowing rock, muds and lava (?) covered the local landscape,
thus changing the shape of local drainage areas, which might in turn affect the direction and flow of subsequent eruptive
flows….. B > E interaction.
Look at each set of possible changes the eruption might make on each sphere. If they occurred, how might these
changes in turn affect the volcano-building process? Consider whether these changes have short-term or long-term
effects.
Step 3: Sphere > Sphere Interactions
How could each sphere affect the other spheres? The answers to this question are the sphere > sphere interactions.
Now that you have a general idea of how the event and spheres can impact and affect one another, it is time to introduce
one more level of interaction. Take a look at the version of the Earth System Diagram below. You will refer to this version
of the Earth System Diagram when you do ESS analyses in the future. Notice the additional arrows going to and from
each of the spheres. These additional arrows indicate another set of interrelationships that are influenced by the event.

If certain changes were created in one sphere by the event, how might those changes influence change in the other
spheres? Once the event has had an impact on or made a change in a sphere, for example the geosphere, how does
that influence the way the geosphere now interacts with the other spheres? As an example, the eruption burned and
buried the soil (geosphere) to a depth of several centimeters or more in certain. What effect do you think that will have
when it finally starts raining and there is runoff to the streams (hydrosphere)? If there were ash and burning embers put
into the atmosphere that eventually fell back into the streams (hydrosphere) how might that debris have affected the
aquatic invertebrates and fish (biosphere) that survived the event? …. How important is this process when compared to
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other eruption outcomes, such as mudflows? If a volcanic eruption can change the “lay of the land”, how does that affect
other natural processes that also interact with, affect and are effected by the landscape, its topography, etc… ?
Try to see what interactions you can find among the different spheres. Think about what changes might have occurred in
each sphere as a result of the Pinatubo eruption. Add these effects to your ESS analysis.
If you find yourself questioning, "If the hydrosphere is damaged by the falling ash and debris and that does major
damage to the fish, then how does that affect the biosphere?" that's a good sign because it means you're beginning to
look at the way the world works. It just seems to be one great collection of interacting spheres and then along comes a
new event and the process of balancing starts over again.
At this point, you will not have all the possible interactions written down by any means. Furthermore, it is very unlikely
that each of your classmates has the same set of interactions written down that you do and that is not a problem either.
As you analyze events in the future, the list of interactions each one of you contributes will simply reflect your own
individual backgrounds and experiences. There isn't any RIGHT answer for these ESS analyses or any COMPLETE
answer that you are trying to attain. You just need to be able to explain and support why you think something may be an
impact.
Causal Chains: One result of this “systems thinking” and event – sphere and sphere-sphere linking of ideas is the
development of what are referred to as “causal chains”. These outline a series of linked ideas, descriptions of related and
interdependent processes or phenomena. In the end, you might have the following list of linked concepts:
E > A > G > H > B….. indicating a linkage between the event (eruption) affecting the atmosphere, which in turn effects
the Geosphere, with tertiary effect on the hydrosphere and finally an effect on the biosphere.
Keep in mind as you list the interactions that it is important for you to offer scientific reasoning or scientific explanations
to explain why or how the interactions occur. Scientific reasoning and scientific explanations are prior knowledge from
your own experience, learned from somewhere else, etc. Such reasoning and explanations display your understanding
of the science behind the interactions. These explanations are valuable for you and others because they make your
"Why?" or "How?" thinking visible, and they often lead you to think about additional ESS interactions.
A very valuable tandem thinking tool in any Earth Systems Science Event Analysis strategy is Concept Mapping.
Together, event – sphere, sphere- sphere outlining (causal chains), with concept mapping, can lead to a deeper
awareness and knowledge of the connectedness of natural earth processes, and how they all interact to affect changes
to landscapes, water resources, ecosystems and even weather and climate.
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