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Lecture 1:Lecture 1: Global Energy BalanceGlobal Energy Balance

Planetary energy balance

Energy absorbed by Earth = Energy emitted by Earth

Role of  the atmosphere

Greenhouse effect

Role of oceans

Polarward energy transport

Role of land surface

not significant due to its low heat capacity

(from Climate Change 1995)
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Atmosphere

Ocean Land

Solar forcing

Energy, Water, and Biochemistry 
Cycles

Solid Earth
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Global View of the Energy Global View of the Energy 
BalanceBalance
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Solar Flux and Flux DensitySolar Flux and Flux Density

Solar Luminosity (L)
the constant flux of energy put out by the sun

L = 3.9 x 1026 W

Solar Flux Density (Sd)
the amount of solar energy per unit area on a 
sphere centered at the Sun with a distance d

Sd = L / (4 π d2)   W/m2

d
sun
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Solar Flux Density Reaching EarthSolar Flux Density Reaching Earth

Solar Constant (S)
The solar energy density at the mean distance of      
Earth from the sun (1.5  x 1011 m)

S = L / (4 π d2)
= (3.9 x 1026 W) / [4 x 3.14 x (1.5  x 1011 m)2]
= 1370 W/m2
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Solar Energy Incident On the EarthSolar Energy Incident On the Earth

Solar energy incident on the Earth
=  total amount of solar energy can be absorbed by Earth
=  (Solar constant) x (Shadow Area)
=  S x π R2

Earth



ESS200AESS200A
Prof. JinProf. Jin--Yi YuYi Yu

Zenith Angle and Zenith Angle and InsolationInsolation

The larger the solar zenith angle, the weaker the insolation, 
because the same amount of sunlight has to be spread over a 
larger area.

(from Meteorology: Understanding the Atmosphere)
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Solar Energy Absorbed by EarthSolar Energy Absorbed by Earth

Solar Constant (S) 
= solar flux density reaching the Earth
= 1370 W/m2

Solar energy incident on the Earth
= S x the “flat” area of the Earth
= S  x π R2

Earth

Solar energy absorbed by the Earth 
= (received solar flux) – (reflected solar flux)
= S π R2

Earth – S π R2
Earth x  A

= S π R2
Earth   x  (1-A)

A is the planetary albedo of the Earth, which
is about 0.3.

(from The Earth System)
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AlbedoAlbedo = [Reflected] / [Incoming] Sunlight= [Reflected] / [Incoming] Sunlight

Albedo is the percentage of the sunlight that is 
reflected back to the space by the planet.
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What Happens After the Earth What Happens After the Earth 
Absorbs Solar Energy?Absorbs Solar Energy?

The Earth warms up and has to emit radiative 
energy back to the space to reach a equilibrium 
condition.

The radiation emitted by the Earth is called 
“terrestrial radiation” which is assumed to be 
like blackbody radiation.



ESS200AESS200A
Prof. JinProf. Jin--Yi YuYi Yu

Blackbody RadiationBlackbody Radiation

Blackbody
A blackbody is something that emits (or absorbs) 
electromagnetic radiation with 100% efficiency at all 
wavelength.

Blackbody Radiation
The amount of the radiation emitted by a blackbody 
depends on the absolute temperature of the blackbody.
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Energy Emitted from EarthEnergy Emitted from Earth

The Stefan-Boltzmann Law

The energy flux emitted by a blackbody
is related to the fourth power of the body’s
absolute temperature

F = σT4 where σ is 5.67x10-8 W/m2/K

Energy emitted from the Earth
= (blackbody emission) x (total area of Earth)
= (σTe

4 )  x  (4π R2
Earth )

(from The Earth System)
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Planetary Energy BalancePlanetary Energy Balance

Energy emitted by Earth  = Energy absorbed by Earth

σTe
4 x  (4π R2

Earth ) = S π R2
Earth   x  (1-A) 

σTe
4 =  S/4 * (1-A)

= 1370/4 W/m2 * (1-A)

=  342.5  W/m2 * (1-A)

=   240    W/m2

Earth’s blackbody temperature 

Te = 255 K (-18C)Earth’s surface temperature

TS = 288 K (15C)

greenhouse effect (33C) !!

(from Global Physical Climatology)
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Greenhouse Effect Greenhouse Effect 

heat

sunlight

allow sunlight to come in

trap heat inside the house

Greenhouse Atmosphere
S/4 * (1-A)

σTS
4

σTA
4

σTA
4

At the top of  the atmosphere:
S/4*(1-A) = σTA

4 TA=Te  =  255K

For Earth’s surface:
S/4*(1-A)  + σTA

4 = σTS
4 

TS =1.19TA=  303K
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Different Wavelengths of Solar and EarthDifferent Wavelengths of Solar and Earth’’s Radiations Radiation

Planck FunctionNormalized Planck Function

(from The Earth System)

(from Climate System Modeling)

shortwave

longwave
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Greenhouse GasesGreenhouse Gases
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Three Factors To DetermineThree Factors To Determine
Planet TemperaturePlanet Temperature

Distance from the Sun
Albedo
Greenhouse effect



ESS200AESS200A
Prof. JinProf. Jin--Yi YuYi Yu

Earth, Mars, and VenusEarth, Mars, and Venus

3,397 km 
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Global TemperatureGlobal Temperature

distance + albedo
distance only

distance + albedo + greehouse
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Greenhouse EffectsGreenhouse Effects

On Venus 510°K (very large!!)

On Earth   33°K

On Mars   6°K (very small)
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Why Large Greenhouse Effect On Venus?Why Large Greenhouse Effect On Venus?

Venus is too close to the Sun
Venus temperature is very high
Very difficult for Venus’s atmosphere to get saturated in water 

vapor
Evaporation keep on bringing water vapor into Venus’s 

atmosphere
Greenhouse effect is very large
A “run away” greenhouse happened on Venus
Water vapor is dissociated into hydrogen and oxygen
Hydrogen then escaped to space and oxygen reacted with 

carbon to form carbon dioxide
No water left on Venus (and no more chemical weathering)
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Chemical WeatheringChemical Weathering
The precipitation process in the 
atmosphere dissolve and remove CO2
from the atmosphere.

Rocks exposed at Earth’s surface 
undergo chemical attack from this 
rain of dilute acid.

This whole process is known as 
chemical weathering.

The rate of chemical weathering tend 
to increase as temperature increases.

Weathering requires water as a 
medium both for the dissolution of 
minerals and for the transport of the 
dissolved materials to the ocean 

The rate of chemical weathering 
increases as precipitation increases.

(from Earth’s Climate: Past and Future)
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Negative Feedback From Chemical WeatheringNegative Feedback From Chemical Weathering

The chemical weathering 
works as a negative 
feedback that moderates 
long-term climate 
change.

This negative feedback 
mechanism links CO2
level in the atmosphere 
to the temperature and 
precipitation of the 
atmosphere.

(from Earth’s Climate: Past and Future)
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EarthEarth’’s Thermostat s Thermostat –– Chemical WeatheringChemical Weathering

Chemical weathering acts as 
Earth’s thermostat  and 
regulate its long-term climate.

This thermostat mechanism 
lies in two facts: 
(1) the average global rate of 
chemical weathering depends 
on the state of Earth’s climate, 
(2) weathering also has the 
capacity to alter that state by 
regulating the rate which CO2
is removed from the 
atmosphere.

(from Earth’s Climate: Past and Future)
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Why Small Greenhouse Effect on Mars?Why Small Greenhouse Effect on Mars?

Mars is too small in size
Mars had no large internal heat
Mars lost all the internal heat quickly
No tectonic activity on Mars
Carbon can not be injected back to the 
atmosphere
Little greenhouse effect
A very cold Mars!!



ESS200AESS200A
Prof. JinProf. Jin--Yi YuYi Yu

Saturation Vapor PressureSaturation Vapor Pressure
Saturation vapor pressure describes how 
much water vapor is needed to make the 
air saturated at any given temperature.

Saturation vapor pressure depends 
primarily on the air temperature in the 
following way:

Saturation pressure increases 
exponentially with air temperature.

The
Clausius-Clapeyron
Equation

L: latent heat of evaporation; α: specific volume of vapor and liquid
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How to Saturate the Air?How to Saturate the Air?

Two ways:

(1) Increase (inject more) water vapor to the air (A B).

(2) Reduce the temperature of the air (A C).

(from “IS The Temperature Rising”)
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Two Key Reasons for the Greenhouse EffectTwo Key Reasons for the Greenhouse Effect

Solar and terrestrial radiations are emitted at 
very different wavelengths.

The greenhouse gases selectively absorb 
certain frequencies of radiation.
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Selective Absorption and EmissionSelective Absorption and Emission

The atmosphere is not a perfect 
blackbody, it absorbs some 
wavelength of radiation and is 
transparent to others (such as solar 
radiation). Greenhouse effect.

Objective that selectively absorbs 
radiation usually selectively emit 
radiation at the same wavelength.

For example, water vapor and CO2 
are strong absorbers of infrared 
radiation and poor absorbers of 
visible solar radiation.

(from The Atmosphere)
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Planck FunctionPlanck Function

The Planck function relates the intensity of 
radiation from a blackbody to its wavelength.

(from The Earth System)
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WienWien’’s Laws Law

Wien’s law relates an objective’s maximum emitted 
wavelength of radiation to the objective’s temperature.

It states that the wavelength of the maximum emitted 
radiation by an object is inversely proportional to the 
objective’s absolute temperature. 

λλmaxmax = = w/Tw/T
λmax = wavelength (micrometers)

W = 2897 µm K

T = temperate (K)
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Apply Apply WienWien’’s Law To Sun and Earths Law To Sun and Earth

Sun
λmax = 2898 µm K / 6000K

= 0.483 µm 

Earth
λmax = 2898 µm K / 300K

= 9.66 µm 

Sun radiates its maximum  energy within the visible 
portion of the radiation spectrum, while Earth radiates its 
maximum energy in the infrared portion of the spectrum. 
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StefanStefan--Boltzmann Boltzmann LawLaw

The single factor that determine how much energy 
is emitted by a blackbody is its temperature.

The intensity of energy radiated by a blackbody 
increases according to the fourth power of its 
absolute temperature.

This relationship is called the Stefan-Boltzmann 
Law.

E = E = σσTT44
E = radiation emitted in W/m2

σ= 5.67 x 10-8 W/m2 * K *sec

T = temperate (K)
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Wavelength and TemperatureWavelength and Temperature

The hotter the 
objective, the shorter 
the wavelength of the 
peak radiation.

(from Meteorology: Understanding the Atmosphere)
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Shortwave Shortwave and and Longwave Longwave RadiationsRadiations

Solar radiation is often 
referred to as “shortwave 
radiation”.

Terrestrial radiation is 
referred to as “longwave 
radiation”.

(from Meteorology: Understanding the Atmosphere)
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Why Selective Absorption/Emission?Why Selective Absorption/Emission?

Radiation energy is absorbed or 
emitted to change the energy levels 
of atoms or molecular.

The energy levels of atoms and 
molecular are discrete but not 
continuous.

Therefore, atoms and molecular can 
absorb or emit certain amounts of 
energy that correspond to the 
differences between the differences 
of their energy levels.
Absorb or emit at selective 
frequencies.

(from Understanding Weather & Climate)

absorption
emission
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Different Forms of Energy LevelsDifferent Forms of Energy Levels

The energy of a molecule can be stored in  (1) translational (the 
gross movement of molecules or atoms through space), (2) 
vibrational, (3) rotational, and (4) electronic (energy related to the 
orbit) forms.

(from Understanding Weather & Climate)
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Energy Required to Change the LevelsEnergy Required to Change the Levels

The most energetic photons 
(with shortest wavelength) are 
at the top of the figure, toward 
the bottom, energy level 
decreases, and wavelengths 
increase.

(from Is The Temperature Rising?)
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Greenhouse GasesGreenhouse Gases
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Composition of the Atmosphere Composition of the Atmosphere 
(inside the DRY(inside the DRY homospherehomosphere))

(from The Blue Planet)

Water vapor (0-0.25%)
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Origins of the AtmosphereOrigins of the Atmosphere

The release of gases from rock through volcanic eruption 
(so-called outgassing) was the principal source of 
atmospheric gases.

The primeval atmosphere produced by the outgassing was 
mostly carbon dioxide (CO2) with some Nitrogen (N2) and 
water vapor (H2O), and trace amounts of other gases.
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What Happened to HWhat Happened to H22O?O?

The atmosphere can only hold 
small fraction of the mass of 
water vapor that has been 
injected into it during volcanic 
eruption, most of the water 
vapor was condensed into 
clouds and rains and gave rise to 
rivers, lakes, and oceans.

The concentration of  water 
vapor in the atmosphere was 
substantially reduced.(from Atmospheric Sciences: An Introductory Survey)
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What happened to COWhat happened to CO22??
Chemical weather is the primary 
process to remove CO2 from the 
atmosphere.
In this process, CO2 dissolves in 
rainwater producing weak 
carbonic acid that reacts 
chemically with bedrock and 
produces carbonate compounds.

This biogeochemical process 
reduced CO2 in the atmosphere 
and locked carbon in rocks and 
mineral.

(from Earth’s Climate: Past and Future)
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TectonicTectonic--Scale Climate ChangeScale Climate Change

The faint young Sun 
paradox and its possible 
explanation.

Why was Earth ice-free 
even at the poles 100 Myr 
ago (the Mesozoic Era)?

What caused Earth’s 
climate to cool over the 
last 55 Myr (the Cenozoic 
Era)?

Ice-free Earth

(from Earth’s Climate: Past and Future)
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Why the Cooling over the Last 50 Why the Cooling over the Last 50 MyrMyr??
The collision of Indian and Asia happened around 
40 Myr ago.
The collision produced the Himalayas and a huge 
area of uplifted terrain called the Tibetan Plateau. 
The Himalayas Mountains provided fresh, readily 
erodable surfaces on which chemical weathering 
could proceed rapidly.
At the same time, the uplifting of the Tibetan 
Plateau create seasonal monsoon rainfalls, which 
provided the water needed for chemical 
weathering. 
Therefore, the collision of India and Asia 
enhanced the chemical weathering process and 
brought down the atmospheric CO2 level to the 
relatively low values that prevail today.
This reduced the greenhouse effect and cooled 
down the climate over the last 50 Myr.

(from The Earth System)



ESS200AESS200A
Prof. JinProf. Jin--Yi YuYi Yu

What Happened to NWhat Happened to N22??

Nitrogen (N2):
(1) is inert chemically,
(2) has molecular speeds too slow to escape to space,
(3) is not very soluble in water.

The amount of nitrogen being cycled out of the atmosphere 
was limited.

Nitrogen became the most abundant gas in the atmosphere.
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Where Did OWhere Did O22 Come from?Come from?
Photosynthesis was the primary 
process to increase the amount of 
oxygen in the atmosphere.

Primitive forms of life in oceans 
began to produce oxygen through 
photosynthesis probably 2.5 billion 
years ago.

With the concurrent decline of CO2, 
oxygen became the second most 
abundant atmospheric as after 
nitrogen. 

(from Earth’s Climate: Past and Future)
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Formation of Ozone (OFormation of Ozone (O33))

With oxygen emerging as a 
major component of the 
atmosphere, the concentration 
of ozone increased in the 
atmosphere through a 
photodissociation process. 

(from WMO Report 2003)
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Where Did Argon Come from?Where Did Argon Come from?

Radioactive decay in the planet’s bedrock 
added argon (Ar) to the evolving atmosphere.

Argon became the third abundant gas in the 
atmosphere.
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Permanent and Variable GasesPermanent and Variable Gases

Those gases whose 
concentrations changes 
from time to time and 
from place to place, and 
are important to weather 
and climate.

Those gases that form a 
constant portion of the 
atmospheric mass.
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Vertical View of the Energy Vertical View of the Energy 
BalanceBalance
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Vertical Distribution of EnergyVertical Distribution of Energy

Incoming solar energy (100)

70%  absorbed
50%   by Earth’s surface 

20%   by atmosphere
3%  in stratosphere

(by ozone and O2)
17% in troposphere
(water vapor  & cloud)

30%  reflected/scattered back
20%   by clouds

6%   by the atmosphere
4%   by surface

(from Global Physical Climatology)
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Where Does the Solar Energy Go?Where Does the Solar Energy Go?

(from NCAR/COMET website)

Incoming solar energy (100)

70%  absorbed
50%   by Earth’s surface (ocean + land)

20%   by the atmosphere and clouds

30%  reflected and scattered back
20%   by clouds

6%   by the atmosphere

4%   by surface

45%

25%
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Where Is EarthWhere Is Earth’’s Radiation Emitted From?s Radiation Emitted From?

Radiation back to Space (70 Units)

70 (units)  radiation back to space
60%   by the atmosphere

10%   by surface (through clear sky)

Greenhouse emission (back to surface)

89% (of solar radiation)
(from The Earth System)
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Greenhouse Effect and Diurnal Greenhouse Effect and Diurnal 
CycleCycle

The very strong downward emission of terrestrial radiation from 
the atmosphere is crucial to main the relatively small diurnal 
variation of surface temperature.

If this large downward radiation is not larger than solar heating 
of the surface, the surface temperature would warm rapidly 
during the day and cool rapidly at the night.

a large diurnal variation of surface temperature.

The greenhouse effect not only keeps Earth’s surface warm but 
also limit the amplitude of the diurnal temperature variation at
the surface.
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Important Roles of Clouds In Global Important Roles of Clouds In Global 
ClimateClimate
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Important Roles of Clouds In Important Roles of Clouds In 
Global ClimateGlobal Climate

(from The Earth System)
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(from Understanding Weather & Climate)

Troposphere (“overturning” sphere)
contains 80% of the mass 
surface heated by solar radiation
strong vertical motion
where most weather events occur

Stratosphere (“layer” sphere)
weak vertical motions
dominated by radiative processes
heated by ozone absorption of solar 
ultraviolet (UV) radiation
warmest (coldest) temperatures at summer
(winter) pole 

Mesosphere
heated by solar radiation at the base 
heat dispersed upward by vertical motion 

Thermosphere
very little mass

Standard Atmosphere

lapse rate = 6.5 C/km

Vertical Thermal StructureVertical Thermal Structure

middle
atmosphere
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Air Parcel Expands As It RisesAir Parcel Expands As It Rises……

Air pressure decreases 
with elevation.

If a helium balloon 1 m in 
diameter is released at sea 
level, it expands as it floats 
upward because of the 
pressure decrease. The 
balloon would be 6.7 m in 
diameter as a height of 40 
km.

(from The Blue Planet)
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Dry Adiabatic Lapse RateDry Adiabatic Lapse Rate

(from Meteorology: Understanding the Atmosphere)
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Moist Adiabatic Lapse RateMoist Adiabatic Lapse Rate

(from Meteorology: Understanding the Atmosphere)
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Variations in Variations in Tropopause Tropopause Height Height 

(from The Atmosphere)
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StratosphereStratosphere

(from Understanding Weather & Climate)

Standard Atmosphere

lapse rate = 6.5 C/km

The reasons for the inversion in 
the stratosphere is due to the ozone 
absorption of ultraviolet solar 
energy.

Although maximum ozone 
concentration occurs at 25km, the 
lower air density at 50km allows 
solar energy to heat up temperature 
there at a much greater degree.

Also, much solar energy is 
absorbed in the upper stratosphere 
and can not reach the level of 
ozone maximum.
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Ozone (OOzone (O33))

(from WMO Report 2003)

“good” ozone
~ 15ppm

“bad” ozone
~ 0.15ppm
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(from Understanding Weather & Climate)

Standard Atmosphere

lapse rate = 6.5 C/km

There is little ozone to absorb 
solar energy in the mesosphere, and 
therefore, the air temperature in the 
mesosphere decreases with height.

Also, air molecules are able to 
lose more energy than they absorb. 
This cooling effect is particularly 
large near the top of the 
mesosphere.

MesosphereMesosphere
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(from Understanding Weather & Climate)

Standard Atmosphere

lapse rate = 6.5 C/km

In thermosphere, oxygen 
molecules absorb solar rays and 
warms the air.

Because this layer has a low air 
density, the absorption of small 
amount of solar energy can cause 
large temperature increase.

The air temperature in the 
thermosphere is affected greatly by 
solar activity.

ThermosphereThermosphere
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IonosphereIonosphere

The ionosphere is an electrified 
region within the upper 
atmosphere where large 
concentration of ions and free 
electrons exist.

The ionosphere starts from about 
60km above Earth’s surface and 
extends upward to the top of the 
atmosphere. Most of the 
ionosphere is in the thermosphere.

The ionosphere plays an important 
role in radio communication.(from Meteorology Today)
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Vertical Structure of CompositionVertical Structure of Composition

~80km

up to ~500km

Heterosphere

Homosphere

Dominated by lighter gases 
with increasing altitude, such 
as hydrogen and helium.

This part of the atmosphere 
continually circulates, so that 
the principal atmospheric 
gases are well mixed.

For most purpose, we 
consider the homosphere 
virtually the entire 
atmosphere.
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Latitudinal View of the Energy Latitudinal View of the Energy 
BalanceBalance
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Zenith Angle and Zenith Angle and InsolationInsolation

The larger the solar zenith angle, the weaker the insolation, 
because the same amount of sunlight has to be spread over a 
larger area.

(from Meteorology: Understanding the Atmosphere)
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Latitudinal Variations of Net Latitudinal Variations of Net 
EnergyEnergy

Polarward heat flux is needed to transport radiation 
energy from the tropics to higher latitudes.

(from Meteorology: Understanding the Atmosphere)
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Sea Surface TemperatureSea Surface Temperature
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Polarward Polarward Energy TransportEnergy Transport

Annual-Mean Radiative Energy Polarward Heat Flux

Polarward heat flux is needed to 
transport radiative energy from 
the tropics to higher latitudes

The atmosphere dominates the 
polarward heat transport at 
middle and high latitudes. The 
ocean dominates the transport at 
lower latitudes.

(1 petaWatts = 1015 W)
(figures from Global Physical Climatology)
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How Do Atmosphere and Ocean Transport Heat?How Do Atmosphere and Ocean Transport Heat?

Atmospheric Circulation Ocean Circulation

(bottom from USGCRP)

(from USA Today)

(top from The Earth System)
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Global Temperature DistributionGlobal Temperature Distribution
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Ozone DistributionOzone Distribution

The greatest production of ozone occurs in the tropics, where the solar UV 
flux is the highest.

However, the general circulation in the stratosphere transport ozone-rich air 
from the tropical upper stratosphere to mid-to-high latitudes.

Ozone column depths are highest during springtime at mid-to-high latitudes.

Ozone column depths are the lowest over the equator.

(from The Earth System)

Antarctic
Ozone 
Hole



ESS200AESS200A
Prof. JinProf. Jin--Yi YuYi Yu

Temperatures in StratosphereTemperatures in Stratosphere
Northern Winter Northern Summer

(from Dynamic Meteorology)
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