
The global and surface 
energy balance

Resources:
- Global physical climatology: chapters 2 and 4
- Global warming science: chapter 2 



Energy is conserved

The earth-atmosphere energy balance is achieved as the energy 
received from the Sun balances the energy lost by the Earth back into 
space. In this way, the Earth maintains a stable average temperature 
and therefore a stable climate. 



First law of thermodynamics

States that energy is conserved.

For a closed system: “The heat added to a system is equal to the change in  
internal energy  minus the work exerted”.

Examples:

- Light bulbs transforms electrical energy into light energy

- One pool ball hits another, transferring kinetic energy and making the 
second ball move

- You are transforming chemical energy from food into kinetic energy as 
you walk, breath or run





Heat (dQ) can be transported to and from a system in three ways:

1. RADIATION: no mass is exchanged and no medium is required. Pure 
radiant energy moves at the speed of light.

2. CONDUCTION: no mass is exchanged, but a medium is required to 
transfer heat by collisions between atoms or molecules.

3. CONVECTION: mass is exchanged. A net movement of mass may occur, 
but more commonly parcels with different energy amounts change place, 
so that energy is exchanged without a net movement of mass.



Example of convection



Emission temperature of a planet

The emission temperature of a planet is the blackbody temperature with which it 
needs to emit in order to achieve energy balance. 

If we equate the solar energy absorbed by a planet with the energy emitted by a 
blackbody we can obtain the emission temperature of a planet.

The emission temperature of a planet is a key concept in climate.



Blackbody radiation

The radiation field within a closed cavity in thermodynamic equilibrium has a 
value that is uniquely related to the temperature of the cavity walls, regardless of 
the material of which the cavity is made. This is also called blackbody radiation.

The dependence of the blackbody emission on temperature follows the 
Stefan-Boltzmann law:

Stefan-Boltzmann constant:



Radiation from Sun is 
“shortwave” (SW)

Radiation from Earth is 
“longwave” (LW)

Temperature dependence of black-body radiation





We need to have the influence of the atmosphere on radiation!

Emissivity

We define emissivity as the ratio of the actual emission of a body (or volume of 
gas) to the blackbody emission at the same temperature.





Google Colab

Notebook: “greenhouse2.ipynb”



Climate change: increasing CO2 concentration



Emission height and lapse rate

The absorption by the atmosphere of LW radiation emitted by the surface 
depends on the wavelength of radiation, which in turn depends on the chemical 
composition of the atmosphere.

The atmosphere absorbs nearly all photons of LW radiation emitted from the 
surface in the wavelength range corresponding to CO2 absorption.

Why does increasing concentration of CO2 lead to further warming?
It has to do with the lapse rate, i.e. that temperature decreases with height in the 
troposphere.



In the mean climate, the atmosphere 
absorbs and re-emits LW radiation: at 
some level the overlying air becomes 
thin enough that most of LW radiation 
emitted from that level is able to make it 
to the outward space without being 
reabsorbed again. This is called the 
emission height.

The atmosphere emits LW radiation 
from the emission height to space at a 
temperature for which the Outgoing 
LW Radiation (OLR) is equal to the 
incoming SW radiation. 

Emission 
height



Since OLR is lower, the incoming 
SW radiation is > OLR causing 
an energy imbalance that leads to 
warming in the troposphere.

In addition: Higher CO2 
concentration means more LW 
emissivity which increases 
surface warming too.



The Earth in panel c) emits at the same temperature as in the 
unperturbed climate in panel a), but from a higher emission 
height. SW=LW so the atmosphere does not warm anymore.

It’s not that more 
photons are trapped by 
the added CO2, but 
before photons were 
able to escape to outer 
space form a lower 
height.



Google Colab

Notebook: “greenhouse3.ipynb”



Global radiative flux energy balance



Global radiative flux energy balance

The vertical flux of energy in the atmosphere depends on the radiative and 
non-radiative fluxes between the surface, the atmosphere and space. 

The strength of the greenhouse effect depends on how easy it is for the solar 
radiation to penetrate through the atmosphere, and on how difficult it is for the 
terrestrial radiation to be transmitted back to space.

● >90% of terrestrial emission to space comes from the atmosphere, only 
20 W/m2 from the surface through the atmospheric IR window

● 240 W/m2 solar radiation absorbed in the climate system: ⅓ in the 
atmosphere, ⅔ at the surface



Stored in the 
ocean

TOP OF ATMOSPHERE (TOA)



ATMOSPHERE



ATMOSPHERE

~80% of radiative cooling is balanced 
by latent heating (i.e., precipitation).

Latent heating: “heating of the 
atmosphere by the condensation of 
water vapor”



SURFACE



Distribution of insolation

Insolation is the amount of downward solar radiation energy incident on a plane surface. 
Seasonal and latitudinal variations in temperature are driven primarily by variations of 
insolation and average solar zenith angle.

Insolation linearly depends on the cosine of latitude. 































Greenhouse gases

OLR is not a single entity: it is made of different wavelengths of electromagnetic radiation



White sunlight is made 
of all colors: different 
molecules absorb at 
different wavelengths, 
why?



Blackbody is a body that absorbs all 
of the incoming radiation and emits 
according to the Planck’s law.

Radiation is a function of wavelength 
and temperature.





https://www.youtube.com/watch?v=sTvqIijqvTg 

https://www.youtube.com/watch?v=sTvqIijqvTg


http://www.dynamicscience.com.au/
tester/solutions1/chemistry/greenho
use/co2andtheghe.htm 

Water: H₂O
Carbon dioxide: CO₂

Vibrations due to absorption of photon

http://www.dynamicscience.com.au/tester/solutions1/chemistry/greenhouse/co2andtheghe.htm
http://www.dynamicscience.com.au/tester/solutions1/chemistry/greenhouse/co2andtheghe.htm
http://www.dynamicscience.com.au/tester/solutions1/chemistry/greenhouse/co2andtheghe.htm






Broadening
Molecules can absorb photons with energy in a broader range around the precise 
energies corresponding to transitions between pairs of molecular energy levels due 
to two main effects. 

1) Pressure broadening
When two molecules collide while 
one of them is absorbing a photon. 
As one molecule absorbs a photon, 
some excess energy can be 
transferred to/from the colliding 
molecule. This broadening is 
enhanced at higher pressures, as 
the frequency of molecular collisions 
increases. 



Broadening
Molecules can absorb photons with energy in a broader range around the precise 
energies corresponding to transitions between pairs of molecular energy levels due 
to two main effects. 

2) Doppler broadening (much 
weaker)

The thermal motion of molecules 
leads to a shift in the frequency of 
emitted/absorbed photons as seen 
by the moving molecule due to the 
Doppler effect. A photon with a 
slightly different frequency than that 
needed to induce a transition can be 
absorbed by the moving molecule.







The radiative forcing due to a given atmospheric CO₂ increase is the radiation 
[W/m²] that is absorbed by the added gas and is prevented to be transmitted to 
outer space, over all wavelengths, assuming the tropospheric temperature, 
moisture and clouds are kept at their values before the CO₂ increase.

Radiative forcing depends logarithmically on CO₂ rather than exponentially. 
Why?







Global warming potential

CH₄ is a more powerful greenhouse gas than CO₂ but has a shorter lifetime in 
the atmosphere (“time horizon”)

How important is one more kg of CH₄ in the atmosphere compared to one more 
kg of CO₂ in terms of radiative forcing?















Workshop



Surface energy balance



Surface energy balance

The energy budget can be written in terms of energy flux per unit area [W/m²] 

The processes that determine the energy transfer between the surface and the 
atmosphere are solar and infrared radiation, plus fluxes of energy associated 
with fluid motions of the atmosphere and oceans. The storage of heat below the 
surface is also important.  



































https://www.youtube.com/watch?v=STkDRoaTfPs&t=1s

https://www.youtube.com/watch?v=STkDRoaTfPs&t=1s


Sensible heat is heat exchanged by a body or thermodynamic system in which the exchange 
of heat changes the temperature of the body or system, and some macroscopic variables of 
the body or system, but leaves unchanged certain other macroscopic variables of the body or 
system, such as volume or pressure.

Latent heat (also known as latent energy or heat of transformation) is energy released or 
absorbed, by a body or a thermodynamic system, during a constant-temperature 
process—usually a first-order phase transition, like melting or condensation.

Latent heat can be understood as hidden energy which is supplied or extracted to change the 
state of a substance without changing its temperature or pressure. This includes the latent heat 
of fusion (solid to liquid), the latent heat of vaporization (liquid to gas) and the latent heat of 
sublimation (solid to gas).

The terms sensible heat and latent heat refer to energy transferred between a body and its 
surroundings, defined by the occurrence or non-occurrence of temperature change; they 
depend on the properties of the body. Sensible heat is sensed or felt in a process as a change 
in the body's temperature. Latent heat is energy transferred in a process without change of the 
body's temperature, for example, in a phase change (solid/liquid/gas).

https://en.wikipedia.org/wiki/Heat
https://en.wikipedia.org/wiki/Thermodynamic_system
https://en.wikipedia.org/wiki/Thermodynamic_system
https://en.wikipedia.org/wiki/First-order_phase_transition
https://en.wikipedia.org/wiki/Phase_transition
https://en.wikipedia.org/wiki/Phase_transition
https://en.wikipedia.org/wiki/Latent_heat_of_fusion
https://en.wikipedia.org/wiki/Latent_heat_of_fusion
https://en.wikipedia.org/wiki/Latent_heat_of_vaporization
https://en.wikipedia.org/wiki/Latent_heat_of_sublimation
https://en.wikipedia.org/wiki/Latent_heat_of_sublimation


Sensible heat flux

Sensible heat flux represents the heat exchanged between the 
surface and the atmosphere due to temperature differences.



Latent heat flux

Latent heat flux refers to the heat exchanged due to the phase 
change of water (e.g., evaporation or condensation) at the surface.




