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Introduction to Earth System

The components of the Earth System

1
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Components of the Earth System

• Geosphere
• Atmosphere
• Hydrosphere
• Biosphere

IPCC, 2001
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The structure of the Earth

Solid nickel-
iron inner core
(5150-6370km)
Liquid iron 
outer core
(2890-5150km)
Mantle (40-
2890km)
Crust (0-40km)

3

Q. Why a layered planet?
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§ Temperature & pressure increase with depth
§ Temperature & pressure in the inner core?

The structure of the Earth

4
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The structure of the Earth

§ The crust à the most familiar to us

5

§ Boundary between Earth’s crust & mantle: rapid change in 
density à Mohoroviçic Discontinuity or Moho

ü Q: Oceanic crust or continental crust has a higher density?
• Oceanic crust ß more iron and magnesium-rich minerals 
• The lower-density continental crust is thicker and stands higher

§ Rocks’ age over oceanic crust and over continents?
• <200 mil. yrs & can be > 3.5 bil. yrs, respectively
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The structure of the Earth

The depth of the Moho 6
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The structure of the Earth

§ Q: what is the most abundant chemical element in the earth’s crust?

Answer: Oxygen
(46.6% Oxygen; 27.7% Silica; 8.1% Aluminum; 5.0% Iron; 3.6% Calcium; 
2.8% Sodium; 2.6% Potassium; 2.1% Magnesium; plus trace elements)

7
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Plate Tectonics 
Q:

• Why are mountain ranges commonly near coastlines?

• What causes giant tsunami waves?

• Why are most devastating earthquakes near certain 
coastlines?

à The dynamic of Geosphere

8
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Plate Tectonics 
§ The Earth’s crust à major plates moving in various directions à plate 

interaction
§ “Tectonic” refers to the deformation of the crust as a consequence of

plate interaction.

9
World plates (12 plates) 
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Plate tectonics
• Plates ß rigid lithosphere (made up of the crust and the 

extreme upper part of the mantle)

Mantle convection à transfer of thermal energy à causing the 
plates to MOVE

10
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History

a few hundred 
million years ago à
a supercontinent 
called Pangaea

• 1596: Abraham Ortelius, a Dutch map maker suggested 
that Africa & South America were once connected

• 1912: Alfred Wegener detailed the evidences à
suggested that the continents drifted through the oceanic 
crust: however, many scientists rejected this hypothesis

• 1960: the seafloor 
spreading process 
was confirmed 
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• Late 1940s à found the mid-oceanic ridge 
• found that most earthquakes in the Atlantic 

Ocean were concentrated there
• 1960 à Harry Hess (Princeton Geologists) 

proposed the seafloor spreading process
• The estimated spreading rate is ~ 2.5 cm/year. 

Seafloor spreading

90E 5E
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Q: How many years did it take for the 
entire Atlantic Ocean floor to form?
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Seafloor spreading
• Prevailing notion: ocean floor 

was extremely old à not correct

• At ridge axis: youngest rock, 
thinnest crust, hottest flow

Evidences support the modern 
theory of plate tectonics
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Most large lithospheric plates & general direction & velocities of plate movement 
(cm/yr)
• Q: Highest velocity? Dominant direction?

14
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Plate boundaries
3 types of plate boundaries: 
§ convergent, divergent, & transform

§ Transform boundary? E.g. San Andreas Fault

§ Convergent boundaries
v One or both of the plates are 

oceanic lithosphere à the 
denser plate will slide down 
à subduction zone

v Two continental plates à
neither side is dense enough 
to be subducted deep into 
the mantle à largest 
mountain ranges

§ Divergent boundaries (e.g.
ocean ridge)

15
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Plate boundaries
• Transform boundary 

(E.g. San Andreas Fault)

~1,200 kilometers 16
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Plate boundaries

Divergent Convergent Transform
17
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Hazards and Plate Boundaries

Continental volcanic arc Oceanic island arc

• Sudden slippage of the continental plate over the ocean 
floor is generally under the water à sudden movement of a 
lot of water can cause a huge tsunami wave

Convergent boundaries

18
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Hazards and Plate Boundaries

Collision of continents

• Neither plate sinks
• Promotes thickening of the 

combined lithospheres and growth 
of high mountain ranges

• Accompanied by large earthquakes

The Himalayas à created by collision between the Indian and 
Eurasian Plates

19
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Hazards and Plate Boundaries
• Most of Earth’s earthquake & volcanic activity occurs along 

or near moving plate boundaries

Earthquakes 20

20
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Earthquakes
Typical Seismogram

P-wave: A type of seismic wave that compresses and expands the ground
S-wave: A type of seismic wave that moves the ground up and down or side 
to side

21
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Seismic waves

22
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Hazards and Plate Boundaries Volcanoes

A volcano: an opening on the surface that allows material warmer 
than its surroundings to escape from its interior

23
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Volcanoes

Volcanoes on Earth form from rising magma. 

24
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Volcanoes – Ring of fire

The Ring of Fire: edges of the Pacific Plate
ü over 450 volcanoes
ü home to ~75% of all active volcanoes on Earth

25

25
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Volcanoes

Africa	
13%	

Antartica	
2%	

Asia	
37%	

Australia	
6%	

Europe	
4%	

North	
America	
27%	

South	
America		
11%	

26
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Hotspot volcanoes

• Hotspots are anchored deep in the Earth à burn a track in the overlying lithospheric 
plates

The relief map of the Hawaiian-Emperor chain of 
volcanoes  à movement of ~ 9cm/year

27
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Hotspot volcanoes
• The rising column or 

plume of hot rock 
appears to remain 
fixed in its place as 
one of Earth’s plates 
moves over it

• a clear record of the 
direction and rate of 
movement of the 
lithospheric plates

28
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Hotspot volcanoes

Assuming that the hotspots 
remain fixed:

• Q: Estimate the rate of the 
movement of North 
American plate? 

29

10–7 Ma

6.5–4.3 
Ma

2.2–0.6 
Ma

10.5–8.6 
Ma

12–10.5 
Ma13.5 

Ma

Snake River Plain of southern Idaho
(a series of extinct calderas)

• Q: If the rate is 
changing?

29
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How does tectonics influence Earth’s climate?

30

Lyell, 1830

• Concentration of polar land 
area à cool the Earth 
Q: why?

• Tectonic processes can have 
local to global-scale climatic 
impacts

• Direct & indirect impacts

30
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31

How do tectonics affect the climate?

31
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Components of the Earth System

• Geosphere
• Atmosphere
• Hydrosphere
• Biosphere

IPCC, 2001
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The Atmosphere (by temperature)

10 Introduction and Overview

Solution: Solving Eq. (1.9), we obtain z ! H ln( p0!p),
and similarly for density. Hence, the heights are (a)

for the 1-kg m"3 density level and (b)

for the 1-hPa pressure level. Because H varies with
height, geographical location, and time, and the refer-
ence values #0 and p0 also vary, these estimates are
accurate only to within "10%. ■

Exercise 1.4 Assuming an exponential pressure
and density dependence, calculate the fraction of the
total mass of the atmosphere that resides between 0
and 1 scale height, 1 and 2 scale heights, 2 and 3 scale
heights, and so on above the surface.

Solution: Proceeding as in Exercise 1.2, the fraction
of the mass of the atmosphere that lies between 0 and
1, 1 and 2, 2 and 3, and so on scale heights above
the Earth’s surface is e"1, e"2, . . . e"N from which it
follows that the fractions of the mass that reside in
the 1st, 2nd . . ., Nth scale height above the surface are
1 " e"1, e"1 (1 " e"1), e"2(1 " e"1) . . ., e"N(1 " e"1),
where N is the height of the base of the layer expressed
in scale heights above the surface. The corresponding
numerical values are 0.632, 0.233, 0.086 . . . ■

Throughout most of the atmosphere the concen-
trations of N2, O2, Ar, CO2, and other long-lived con-
stituents tend to be quite uniform and largely
independent of height due to mixing by turbulent
fluid motions.7 Above "105 km, where the mean free
path between molecular collisions exceeds 1 m
(Fig. 1.8), individual molecules are sufficiently mobile
that each molecular species behaves as if it alone
were present. Under these conditions, concentrations
of heavier constituents decrease more rapidly with
height than those of lighter constituents: the density
of each constituent drops off exponentially with
height, with a scale height inversely proportional to

7.5 km $ ln #1000
1.00$ ! 52 km

7.5 km $ ln #1.25
1.00$ ! 1.7 km

molecular weight, as explained in Section 3.2.2. The
upper layer of the atmosphere in which the lighter
molecular species become increasingly abundant (in
a relative sense) with increasing height is referred to
as the heterosphere. The upper limit of the lower,
well-mixed regime is referred to as the turbopause,
where turbo refers to turbulent fluid motions and
pause connotes limit of.

The composition of the outermost reaches of the
atmosphere is dominated by the lightest molecular
species (H, H2, and He). During periods when the
sun is active, a very small fraction of the hydrogen
atoms above 500 km acquire velocities high enough
to enable them to escape from the Earth’s gravita-
tional field during the long intervals between molec-
ular collisions. Over the lifetime of the Earth the
leakage of hydrogen atoms has profoundly influ-
enced the chemical makeup of the Earth system, as
discussed in Section 2.4.2.

The vertical distribution of temperature for typi-
cal conditions in the Earth’s atmosphere, shown in
Fig. 1.9, provides a basis for dividing the atmos-
phere into four layers (troposphere, stratosphere,

7 In contrast, water vapor tends to be concentrated within the lowest few kilometers of the atmosphere because it condenses and pre-
cipitates out when air is lifted. Ozone are other highly reactive trace species exhibit heterogeneous distributions because they do not
remain in the atmosphere long enough to become well mixed.
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Fig. 1.9 A typical midlatitude vertical temperature profile,
as represented by the U.S. Standard Atmosphere.
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Troposphere: T generally decreases; 
average lapse rate:

• 80% of the mass of the atm
• Inversion layer

1.3 A Brief Survey of the Atmosphere 11

mesosphere, and thermosphere), the upper limits of
which are denoted by the suffix pause.

The tropo(turning or changing)sphere is marked
by generally decreasing temperatures with height,
at an average lapse rate, of !6.5 °C km!1. That is
to say,

where T is temperature and " is the lapse rate.
Tropospheric air, which accounts for !80% of the
mass of the atmosphere, is relatively well mixed and
it is continually being cleansed or scavenged of
aerosols by cloud droplets and ice particles, some of
which subsequently fall to the ground as rain or
snow. Embedded within the troposphere are thin lay-
ers in which temperature increases with height (i.e.,
the lapse rate " is negative). Within these so-called
temperature inversions it is observed that vertical
mixing is strongly inhibited.

Within the strato-(layered)-sphere, vertical mixing
is strongly inhibited by the increase of temperature
with height, just as it is within the much thinner tem-
perature inversions that sometimes form within the
troposphere. The characteristic anvil shape created
by the spreading of cloud tops generated by intense
thunderstorms and volcanic eruptions when they
reach the tropopause level, as illustrated in Fig. 1.10,
is due to this strong stratification.

Cloud processes in the stratosphere play a much
more limited role in removing particles injected by

" "  
#$

#z
!6.5 %C  km!1 & 0.0065 %C m!1

volcanic eruptions and human activities than they do
in the troposphere, so residence times of particles
tend to be correspondingly longer in the strato-
sphere. For example, the hydrogen bomb tests of the
1950s and early 1960s were followed by hazardous
radioactive fallout events involving long-lived
stratospheric debris that occurred as long as 2 years
after the tests.

Stratospheric air is extremely dry and ozone rich.
The absorption of solar radiation in the ultraviolet
region of the spectrum by this stratospheric ozone
layer is critical to the habitability of the Earth.
Heating due to the absorption of ultraviolet radia-
tion by ozone molecules is responsible for the
temperature maximum !50 km that defines the
stratopause.

Above the ozone layer lies the mesosphere (meso
connoting “in between”), in which temperature
decreases with height to a minimum that defines the
mesopause. The increase of temperature with height
within the thermosphere is due to the absorption of
solar radiation in association with the dissociation of
diatomic nitrogen and oxygen molecules and the
stripping of electrons from atoms. These processes,
referred to as photodissociation and photoionization,
are discussed in more detail in Section 4.4.3.
Temperatures in the Earth’s outer thermosphere
vary widely in response to variations in the emission
of ultraviolet and x-ray radiation from the sun’s
outer atmosphere.

At any given level in the atmosphere temperature
varies with latitude. Within the troposphere, the clima-
tological-mean (i.e., the average over a large number
of seasons or years), zonally averaged temperature
generally decreases with latitude, as shown in Fig. 1.11.
The meridional temperature gradient is substantially
stronger in the winter hemisphere where the polar cap
region is in darkness. The tropopause is clearly evident
in Fig. 1.11 as a discontinuity in the lapse rate. There is
a break between the tropical tropopause, with a mean
altitude !17 km, and the extratropical tropopause,
with a mean altitude !10 km. The tropical tropopause
is remarkably cold, with temperatures as low as
!80 °C. The remarkable dryness of the air within the
stratosphere is strong evidence that most of it has
entered by way of this “cold trap.”

Exercise 1.5 Based on data shown in Fig. 1.10,
estimate the mean lapse rate within the tropical
troposphere.

Fig. 1.10 A distinctive “anvil cloud” formed by the spreading
of cloud particles carried aloft in an intense updraft when
they encounter the tropopause. [Photograph courtesy of Rose
Toomer and Bureau of Meteorology, Australia.]
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Stratosphere: T increases
• vertical mixing: strongly inhibited
• residence times: longer 
• air: extremely dry and ozone rich
• stratopause: max T at 50km

Mesosphere: T decreases à a 
minimum that defines mesopause

Thermosphere: T increasesß absorption 
of solar radiation & photodissociation (N2, 
O2) & photoionization

34
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Temperature in the atmosphere

12 Introduction and Overview

Solution: At sea level the mean temperature of the
tropics is !27 °C, the tropopause temperature is near
!80 °C, and the altitude of the tropopause altitude is
!17 km. Hence the lapse-rate is roughly

Note that a decrease in temperature with height is
implicit in the term (and definition of) lapse rate, so
the algebraic sign of the answer is positive. ■

[27 ! (!80)] "C
17 km

# 6.3 "C km!1

1.3.5 Winds

Differential heating between low and high latitudes
gives rise to atmospheric motions on a wide range
of scales. Prominent features of the so-called
atmospheric general circulation include planetary-
scale west-to-east (westerly) midlatitude tropos-
pheric jet streams, centered at the tropopause break
around 30° latitude, and lower mesospheric jet
streams, both of which are evident in Fig. 1.11.
The winds in the tropospospheric jet stream blow
from the west throughout the year; they are
strongest during winter and weakest during sum-
mer. In contrast, the mesospheric jet streams
undergo a seasonal reversal: during winter they
blow from the west and during summer they blow
from the east.

Superimposed on the tropospheric jet streams are
eastward propagating, baroclinic waves that feed
upon and tend to limit the north–south temperature
contrast across middle latitudes. Baroclinic waves
are one of a number of types of weather systems
that develop spontaneously in response to instabili-
ties in the large-scale flow pattern in which they
are embedded. The low level flow in baroclinic
waves is dominated by extratropical cyclones, an
example of which is shown in Fig. 1.12. The term
cyclone denotes a closed circulation in which the air
spins in the same sense as the Earth’s rotation as
viewed from above (i.e., counterclockwise in the
northern hemisphere). At low levels the air spirals
inward toward the center.8 Much of the significant
weather associated with extratropical cyclones is
concentrated within narrow frontal zones, i.e.,
bands, a few tens of kilometers in width, character-
ized by strong horizontal temperature contrasts.
Extratropical weather systems are discussed in
Section 8.1.

Tropical cyclones (Fig. 1.13) observed at lower lati-
tudes derive their energy not from the north–south
temperature contrast, but from the release of latent
heat of condensation of water vapor in deep convec-
tive clouds, as dicussed in Section 8.3. Tropical
cyclones tend to be tighter and more axisymmetric
than extratropical cyclones, and some of them are
much more intense. A distinguishing feature of a
well-developed tropical cyclone is the relatively
calm, cloud-free eye at the center.
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Fig. 1.11 Idealized meridional cross sections of zonally aver-
aged temperature (in °C) (Top) and zonal wind (in m s!1)
(Bottom) around the time of the solstices, when the merid-
ional temperature contrasts and winds are strongest. The
contour interval is 20 °C; pink shading denotes relatively
warm regions, and cyan shading relatively cold regions. The
contour interval is 10 m s!1; the zero contour is bold; pink
shading and “W” labels denote westerlies, and yellow shading
and “E” labels denote easterlies. Dashed lines indicate the
positions of the tropopause, stratopause, and mesopause.
This representation ignores the more subtle distinctions
between northern and southern hemisphere climatologies.
[Courtesy of Richard J. Reed.]

8 The term cyclone derives from the Greek word for “coils of a snake.”
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Q. Estimate the mean lapse rate in the troposphere
§ at the equator? 
§ at 90N?
Q. Is the temperature gradient in the winter hemisphere stronger or weaker?

Q. Where in the Earth system is the coldest temperature found? 
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Practice #1 with Python
Vertical pressure profile in the atmosphere

p(z)=p0*exp(-z/H) 

where H=8000(m); p0=1000.; Z=0., 1000., …9000.; dz=1000.

1. Plot the vertical profile of pressure
2. Plot the analytical density at different atmospheric levels 
3. Calculate (approximately) the density at different atmospheric 

levels by using forward, backward, central difference method, etc.
4. Compare the obtained simulation results with the analytical 

results.
5. If dz=500 (i.e. the levels are 0., 500., ..., 9000.). Compare the new 

simulation results with those obtained with dz=1000.
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The approximation of the derivative

dx
xfdxxffx
)()( -+

»¶ +

dx
dxxfxffx
)()( --

»¶ -

dx
dxxfdxxffx 2
)()( --+

»¶

Forward differencing 

Backward differencing

Centered differencing

Hint
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