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Preface by François Gervais 
 

At the root of the so-called atmospheric greenhouse effect lies the absorption and emission of thermal 

radiation by the vibrations of a gaseous molecule. In a quantum description, we speak of the absorption and 

emission of a photon. These phenomena are a matter for physics. Air molecules containing at least two 

different atoms - oxygen and hydrogen in the case of water vapour, carbon and oxygen in the case of carbon 

dioxide CO2 , carbon and hydrogen in the case of methane - are the seat of atomic vibrations capable of 

absorbing and emitting thermal radiation. These vibrations can be observed in the infrared range of the 

electromagnetic spectrum. This book describes in detail these mechanisms, which are essential for 

understanding the physics of the atmosphere and its implications for climate. In contrast, and very strangely, 

there is no trace of the infrared spectrum of the atmosphere in the 1500 or so pages of the IPCC's latest AR5 

report... In this respect, this book fills a serious gap.  

 

Should climatology remain the preserve of climatologists, as some media outlets have all too often insinuated, 

and which all too often tend to make a mockery of it in the context of a largely politicized debate that is no 

longer scientific? The keyword "climatology" is one of the 55 that define the scope of teaching and research 

within the framework of section 23 "Physical, human, economic and regional geography" of the Conseil 

National des Universités. Just as universities know how to define the skills required of mathematicians, 

physicists, chemists, biologists and geographers, so climatology appears in its rightful place as a sub-

discipline of Geography among 54 others. How many of the authors of reports by the IPCC, the 

Intergovernmental Panel on Climate Change, have a PhD in climatology? In any case, neither its current 

Chairman, nor the previous one. The authors of the IPCC have generally completed their theses in other 

disciplines and have jumped on the climate bandwagon, which has become highly politicized, promising 

credits, budgets, contracts, travel, honors and promotions. Was Arrhenius, winner of the Nobel Prize for 

Chemistry in 1903, generally credited with the atmospheric greenhouse effect, a "climatologist"?   

 

Camille Veyres' signature can be seen in some of the text and figures. I met Camille in 2014 and realized that, 

without consulting each other, we had both been developing parallel research with fairly similar conclusions. 

This meeting in a café near the Palais Brongniart, at the invitation of the HEC Alumni Geostrategies Group, 

paved the way for the formation of the "Grogniarts du CO2 " group, now considerably enlarged and known 

as the Association des climato-réalistes. I published my findings in the International Journal of Modern Physics 

and then in Earth Science Reviews.  

 

This book, more detailed and educational than the sometimes abstruse nature of scientific articles in English, 

is therefore most welcome. It should be of interest to those who know how to read a curve, a graph or an 

equation - in other words, many people, fortunately. Let's hope it will help combat a growing and damaging 

disaffection with scientific culture.  

 

Spring is a joy to behold. In our hemisphere, during the spring and summer seasons, it is accompanied by a 

fall of some 55 billion tonnes of CO2 into the atmosphere, feeding vegetation in full growth. This is the Keeling 

seasonal oscillation, precisely measured by infrared spectrometry. At La Jolla, California, the amplitude of 

this fall is increasing faster than the rate of CO2 in the air, indicating that vegetation is still undernourished. 

As indispensable to vegetation as it is irreplaceable, CO2 is quite the opposite of a pollutant: it's a fertilizer. 

 

Ignoring or concealing this benefit, fear mongers live at the expense of the anxious people who listen to them. 

A media hype that has become truly unbearable amplifies this insidiously nurtured anxiety. How can we resist 

such propaganda? How can we guard against a fear that has become an instrument of power? An excellent 

remedy is to read up on Climate Physics in this book.  

 

Its tour de force is to remain accessible at all times, without falling into the trap of oversimplification to the 

point of being misleading. We can only encourage readers to perform the intellectual gymnastics of immersing 

themselves in this presentation, and then, if, as we hope, they have derived the desired benefit, to make it 

known and distribute it.     
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Summary 
 
 
Once the albedo has been deducted, the Earth receives far too little radiation from the sun (in application of Stefan 
Boltzmann's Law) to justify its average temperature of 15°C: the Moon, at the same distance from the sun as the Earth, 
has an average temperature of around -80°C; and the surface of the ground, where our climate is ultimately determined, 
itself receives only 2/3 of this radiation, with the atmosphere taking its share along the way. 
 
On the other hand, to maintain its energy and thermal balance, the Earth must give back to the cosmos the energy it 
constantly receives from the Sun; and it can only exchange energy with the cosmos by radiation. 
 
Because of its temperature, the earth's surface radiates in a range of waves (the so-called "far" or "thermal" infra-reds) 
where the air, up to several thousand metres altitude, is totally opaque due to the absorption bands of CO2 and especially 
water vapour, with the exception of a narrow band of frequencies known as the "Atmospheric Window". 
 
This opacity prevents the Earth's surface from radiating back all the energy it receives, creating a radiative imbalance: 
the Earth's surface receives more than it can radiate back, and therefore heats up. 
 
From the surface, this heat is dissipated in several ways: 

- the "Atmospheric Window" evacuates a small part of it by direct radiation from the surface of the earth and 
oceans to the cosmos. 

- but most of it is carried away by evaporation from the oceans and evapo-transpiration from plants and soils, 
which, like a heat pipe by-passing the opaque layer, transfers considerable energy (latent heat of 
vaporization/condensation) by convection from the ground surface to the cloud tops, where it is recovered by 
condensation, and then radiated away (as rarefied water vapour no longer stands in the way). The warmer the 
weather, the more this heat pipe flows: it's the main climate regulator. 

- A significant proportion of the earth's warm air is also carried upwards by natural convection, to the cloud tops, 
where it can also radiate... 

- the balance of radiation, in the CO2 absorption band, is released for the most part only in the stratosphere, 
where CO2 is sufficiently rarefied to no longer act as an obstacle: because of the narrowness of this band, and 
the altitude (and therefore temperature) at which it is deployed, its share is very small. 

 
Ground surface temperature stabilizes when it is sufficient for evaporation (removal of latent heat) and convection 
(removal of sensible heat) to compensate for its radiative imbalance: this "average" temperature is then around 15°C. 
 
This demonstrates the regulating (rather than amplifying) role of evaporation (and therefore of water vapour), 
without which warming, due to radiative imbalance, would be unbearable. 
 
Factors of equilibrium with the oceans and vegetation make a doubling of atmospheric CO2 concentration unlikely or 
remote; but if such a doubling were nevertheless to occur, it would have a minor impact on the already saturated and 
very narrow CO2 absorption band, and on the temperature rise it could cause; and this impact would be largely offset 
by an increase in the flow rate of the water vapour heat pipe: all in all, the temperature rise could not exceed 0.65°C. 
 
We must therefore look elsewhere for the causes of current global warming, especially as the latest observations seem 
to incriminate insolation, undoubtedly via a reduction in albedo, the reasons for which we don't know for sure. 
 
Moreover, the climate follows cycles, which are themselves fairly poorly understood, but whose amplitude can be greater 
than the increase we are experiencing. 
 
Finally, we mustn't forget that the climate is chaotic, and that precise simulations of the climate at a given location in 50 
years or more are a matter of guesswork.  



8 
 

1. Presentation 
 
 
 

1.1. Why this book? 
 
When Sweden's Svante Arrhenius (Nobel Prize in Chemistry 1903) theorized the Atmospheric Greenhouse Effect, in a 
paper entitled "On the influence of carbonic acid in the air on the ground temperature", published in 1896, it was still 
believed that electro-magnetic waves propagated in a "solid Ether". 
 
It should be noted that Arrhenius saw only positive effects, since warm periods have always been prosperous periods, 
and CO2 can only be beneficial to agriculture (whereas we see only negative effects, to the point of considering CO2 as 
a "pollutant": times change). 
 
At the time, he estimated that a doubling of CO2 would cause warming of around 5°C (slightly more than the 2-4.5°C 
forecast made by the IPCC over a hundred years later, in 2007, on the basis of the same theory). But the absorption 
spectra of water vapour and carbon dioxide used by Arrhenius were, at thermal infrared wavelengths, extremely 
erroneous; with the correct spectra known since the 1920s, Arrhenius's calculations give +0.2°C (plus two tenths of a 
degree Celsius) for a doubling of the air's carbon dioxide content. 
 
Paradoxically, a century later, we no longer believe in the "Solid Ether", of course, but we have never questioned the 
foundations of this theory of the Atmospheric Greenhouse Effect, which underpins the current explanation of man-made 
global warming.  
 
Of course, no one can deny that the temperature has risen over the last 50 years (previously, in the 70s, it was thought 
to be cooling, or even a new ice age): 
 

 
 

Global average of monthly temperature averages measured in the lower troposphere between the surface and 2 km since 1978 by devices observing the infrared 
radiation of oxygen molecules, carried on various satellites; this average is expressed as the deviation, month by month, of the average temperature for the 

month compared with the average for the same month calculated over the period 1980-2022.  
Source : http://www.drroyspencer.com/ 

 
 
 
 
  

https://fr.wikipedia.org/wiki/Groupe_d%27experts_intergouvernemental_sur_l%27%C3%A9volution_du_climat
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... However, not as quickly as the computer models used to calculate the climate would have us believe: 
 

 
(Source ERSST V5: https://www.ncei.noaa.gov/products/extended-reconstructed-sst) 

 
When reality deviates significantly from the models, two attitudes are possible: 

- the belief that, since science is "established", the discrepancy is transitory (or even false), and that reality will 
catch up with the models (in other words, placing more faith in models than in reality): this is the politico-media 
and quasi-religious attitude of certain countries such as France; 

- consider, as any scientist would, that this discrepancy requires at the very least an explanation, and therefore 
a possible reconsideration of the models, or even the physics behind them, especially as the climate has shown 
in the past to be subject to significant variations (Medieval Optimum around the year 1000, Little Ice Age 1300 
to 1850). 

 
Some claim that they are extrapolations of weather modeling programs, but the latter, designed to forecast local weather 
over periods of a few days, are not qualified to integrate annual variations in the concentration of CO2 , considered to 
be the main contributor to global warming, nor climatic cycles, also multiannual, nor urban heat islands, which build up 
over several decades. 
 
Our aim is to explain how the climate (and not the weather) works, based on common sense and the basic physical and 
chemical laws of thermodynamics, which we learn in high school and which are based on theories that have been 
validated by experience, and from which climatology cannot deviate. 
 
Moreover, even if we devote a paragraph to it, we'll deliberately avoid talking about the "Greenhouse Effect", "feedback" 
or "forcing", terms which are more akin to slogans, and which may imply the existence of a particular climate theory that 
would make it possible to ignore fundamental physics: if there is such a thing as the "Greenhouse Effect", it necessarily 
has a physical basis, and there's no need to name it; moreover, a conventional greenhouse functions essentially by 
blocking convection, which runs counter to the way the atmosphere works: the analogy is very misplaced. 
 
Similarly, we won't use the term "greenhouse gases" to describe gases that have the property of absorbing all or part of 
the thermal infra-red emitted by bodies at Earth temperatures: these gases act in very different ways from one another, 
and classifying them in the same category makes little sense. 
 
Climatology is originally a purely descriptive activity, essentially a matter for the Natural Sciences and Geography, not 
Physics. 
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1.2. Approach 
 
This book is intended for as wide an audience as possible: it requires a basic knowledge of thermodynamics, but it's a 
popular work that should be of interest to those interested in mechanisms, who will find explanations expressed in 
language that we wanted to be simple and understandable.  
 
 

1.3. The author 
 
This book is the result of a team effort, edited by Jacques-Marie Moranne. 
 
Jacques-Marie Moranne is an engineer from the Ecole Centrale de Lille (1969). 
 
He has practiced most of the engineering professions, from engineering (chemical engineering), through maintenance, 
organization and methods, CAD and associated databases, to the creation and management of an IT company, in both 
large (Air Liquide, Elf, Areva, Saint-Gobain) and small companies. 
 
Jacques-Marie Moranne was initially, and until the Copenhagen COP, a climato-alarmist, but the contradictions, both 
factual and physical, awakened his critical spirit, and gradually led him to doubt, then to delve into the underlying physics, 
with the help of undeniable specialists, such as Camille Veyres, who provided most of the material for this book, and 
who is the author of the technical appendices to which it is backed. 
 
Jacques-Marie Moranne is a member of the Association des Climato-Réalistes, and the Association Climat et Vérité 
(https://climatetverite.net). 
 
Jacques-Marie Moranne doesn't claim to be a climatologist, but Climate Physics is first and foremost Applied 
Thermodynamics, and training as an engineer provides all the necessary foundations. 
 
 

  

https://www.climato-realistes.fr/
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2. Introduction and general information 
 
 
 

2.1. Radiative balance and climate 
 
The Earth, with its atmosphere, lies in the interstellar void; it can only exchange energy (or heat) with the cosmos, and 
therefore only by radiation, as there is no other possible mode of exchange in the void. 
 
Moreover, to maintain its thermal balance, the Earth radiates to space (on average over the year, as the soil and oceans 
store heat during the day or summer and release it at night and in winter) an energy that is necessarily equal to that 
which it receives from the Sun, otherwise it would heat up without limit. 
 
But what happens at the upper limits of the atmosphere is of only very indirect interest to us: as far as we're concerned, 
climate is played out in the "troposphere" (on average between 0 and a dozen km above sea level, at more than 0.2 bar 
atmospheric pressure), and above all at the Earth's surface, where this radiation contributes to the thermodynamic 
functioning of the atmosphere and oceans, before being reflected back into space. 
 
The transformation of solar radiation into energy, thermodynamic exchanges within the atmosphere and with the oceans, 
and the re-transformation of this energy into radiation, form the basis of the science of climatology, which is directly and 
exclusively governed by physical laws. 
 
Indeed, even if radiation plays an important role (all bodies radiate), and can serve as a guideline in understanding the 
climate (to the point that we will devote an entire chapter to it), other physico-chemical laws are involved in the heat 
exchanges that impact temperature: 

- mixing: convection (vertical circulation) and advection (horizontal circulation) of air, 

- change of physical state (evaporation-condensation, melting-freezing), 

- change of chemical state: exo- or endo-thermal reactions, 

- compression-relaxation . 
 
Each of these phenomena reflects a specific heat (or energy) <> temperature relationship: evaporation, for example, 
takes place without any change in temperature, but consumes a great deal of energy (latent heat). 
 
The laws governing this will be recalled in the chapters in which they appear. 
 
 

2.2. Simplifications 
 
This book is intended to be accessible to as many people as possible. For this reason, it allows for a certain number of 
simplifications and approximations, without however abandoning the underlying physics: 
 
On Earth: 

1.  heat from the Earth's core (less than 0.07 to 0.08 W/m2 ), from natural radioactivity, and from tidal deformations, 
which are negligible for our purposes, stable and not subject to change for "anthropic" (i.e. man-made) reasons, 
 will be neglected; 

2  The atmosphere is limited to an altitude where the air is sufficiently rarefied that temperature is no longer 
correlated with molecular agitation, and where radiation passes through it and escapes freely, i.e. at the top of 
the stratosphere (around 50 km); 

3  This system will also be considered to be in steady state, in particular any phenomena will be disregarded.  

. such as a volcanic eruption or an El Niño event,  

. or transient (passage from state A to state B): in this case, we compare the two successive states at 
equilibrium. 

 
On calculations : 

1  The physical laws involved are generally non-linear (for example, we'll see that the temperature of a body 
isolated in space is proportional to the fourth root of the radiation energy received), and many calculations are 
too complex to be included in this document; we'll therefore be led to reason on the basis of averages, while 
being aware of the limits and dangers of such reasoning, which nevertheless allow : 

. to give orders of magnitude that can be considered representative ; 
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. to make comparisons, 

. to measure the impact of this or that parameter ("anthropogenic" or not), on the climate seen from a 
global point of view, which, in fine, is our goal. 

2  The Earth is spherical, revolves around the sun on an elliptical orbit (of low eccentricity), and on itself around 
an inclined axis, and its surface constituents (oceans, deserts, forests, etc.) are themselves of a heterogeneous 
nature and distribution: this makes certain calculations far too complex to be carried out in detail in this 
document; 

3  Some physical phenomena are chaotic (everyone knows that it's impossible to predict the weather, i.e. the 
climate in a given  place, for more than a few days): we'll say a word about this at the end of the book; 

4. We know that some phenomena are cyclical, with impacts that can be very significant in terms of temperatures 
(e.g. the El Niño phenomena): we'll ignore them in the body of the book, but we'll mention a few as examples; 

5. Finally, many of the figures given here are not directly calculable or precisely measurable, and are therefore 
questionable (different values can be found on the Internet, on "serious" sites) : our purpose is not to focus on 
precise values, but on reasoning, orders of magnitude (let's say to within 5%), and variations as a function of 
criteria. 
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3. A reminder of electromagnetic radiation 
 
 
 

3.1. Physical laws of thermal radiation 
 
Temperatures noted T are expressed in K (degrees Kelvin), knowing that : 

- 0 K is absolute zero (nothing could be colder) 

- the temperature in K is equal to the temperature in °C + 273.15 (i.e. 288.15 K = 15°C; 0 K = -273.15°C) 
 
Let's start at the beginning: the Earth, at the limit of its atmosphere, receives all its energy by radiation (from the Sun), 
and gives it back to the cosmos in its entirety by radiation. 
 
It therefore makes sense to devote an entire chapter to this mode of heat (or energy) exchange, bearing in mind that 
there are others whose importance we'll understand a little later on. This chapter does not claim to be exhaustive; it is 
essentially a reminder of the basic principles and physical laws relevant to our subject. 
 
Radiation is an electromagnetic vibration characterized by : 

- the amplitude of its waves (or the power they carry), 

-  their wavelength ɚ, often expressed in µm or nm, which ranges from metric waves (radio) to gamma rays (10-7 
to 10-9 µm), including, in order, microwaves, infrared, visible (which occupies only a very narrow band of 
wavelengths: 0.4 to 0.7 µm), ultraviolet and X-rays. 

 
Ultraviolet, X-ray and gamma rays are ionizing radiations: being more energetic, they have the capacity to modify the 
structure of atoms and molecules (mutations of our DNA, for example, but also of smaller molecules such as ozone 
molecules: we'll talk about this a little further on). 
 

 
(I.R. = infra-red; U.V. = ultra-violet) 

 
Note: in the wavelength range we're concerned with, instead of wavelength (a quantity more commonly used by 
opticians), electromagnetic radiation specialists tend to think in terms of frequency, most often expressed in cm-1 
(number of waves per cm) (ɜcm-1 = 10,000 / ɚµm ), but also in GHz (Giga-Hertz), or THz (Tera-Hertz). The horizontal scale 
is then inverted. 
 

Wavelength  1 nm 100 nm 1 µm 1 mm 1 m 1 km 

Frequency (Hz) 300,000 THz 3000 THz 300 THz 300 GHz 300 MHz 300 kHz 

Frequency (cm )-1 107 cm-1 105 cm-1 10,000 cm-1 10 cm-1 0.01 cm-1 10-5 cm-1 

hɜ (eV) 1241 12,4 1,24 0,0124 0,000124  

 
Reasoning in terms of frequency is of interest in the energy field we're interested in, since the energy of a photon is 
proportional to its radiation frequency: 
 

P=hɜ, with ɜ in Hz, and h = Planck's constant = 6.626 10-34 Joule / Hz 

 
If we were to draw an analogy with sound, radio waves would correspond to infrasound, and ultraviolet to ultrasound, 
bearing in mind that humans perceive only part of them (between 20 and 20,000 Hz for sound, and around 400 to 790 
THz for light: the colors of the rainbow). 
 
Monochromatic radiation has a single wavelength (or a single "color" if it's in the Visible). In sound, this would correspond 
to a pure sinusoidal note. 
 
But in nature, all bodies radiate, depending on their temperature, according to a Spectrum that covers a whole range 
of wavelengths. For example: 



14 
 

- red-hot iron, at around 750°C, emits visible red light, but also infrared light (not perceptible to the human eye). 

- A white-hot iron, at around 1250°C, emits a whole range of waves from infrared to violet, including the entire 
visible range (white is a mixture of the colors of the rainbow). 

 
In a vacuum (i.e. when the body can only exchange heat by radiation), and for a perfect radiating body ("black" body), 
the frequency and intensity distribution of the Spectrum depends solely on its temperature; it is given by Planck's 
Law1 , which gives, for each wavelength (or frequency), the power radiated per m2 of surface and per unit of frequency 
or wavelength; it is translated by the curves below (where the two scales, horizontal and vertical, are logarithmic). 
 
Temperatures are expressed in K (degrees Kelvin): 

 
Source : https://fr.wikipedia.org/wiki/Loi_de_Planck 

 
Here again, if we were to draw the analogy with sound, it would correspond to a body emitting noise (a mixture of 
sounds), the louder and higher-pitched the more powerful the emitting body. 
 
The spectra are one below the other, and shift towards longer wavelengths as a function of their (decreasing) 
temperature. Wien's law defines the curve of the maxima of these spectra (right in the figure above in logarithmic 
scales). 
 
Furthermore, Stefan Boltzmann's Law defines the radiant flux (i.e. the total energy power emitted per m2 of hot source 
surface), for an ideal "black body", as being proportional to its absolute skin temperature to the power 4 : 

 M = ů T 4   
 

 M is expressed in Watts/m2 of surface area  

 T in Kelvin (K) (add 273 to temperature in °C),  

ů (sigma) is Stefan Boltzmann's constant = 5.67 x 10-8 . (easy to remember: sequence of numbers 5,6,7,8) 

 
Of particular note in the graph are : 

- the solar spectrum (5777 K: surface temperature of the Sun), whose maximum is in the visible range (nature's 
way!) (we speak of surface temperature, knowing that temperatures inside the Sun are much higher); 

- the 288 K curve, corresponding to a black body at 15°C, i.e. the average radiation from the Earth's surface at 
15°C: note that this spectrum is entirely included under the Sun's spectrum, but is highly shifted on the infrared 
side (the logarithmic scale of the graph crushes this shift, but it is 1 to 162,000 in intensity: 5777 /28844 ): we 
refer to this as the "thermal" or "far" infrared, invisible to the naked eye, as opposed to the "solar" infrared, which 
is generally very close to the visible. 

 

 
1 Planck's law for a surface radiating towards half-space is: (0.04632 f3 ) / (e(48 f / T) -1) 

where f is the frequency in THz and T the temperature in Kelvins; example: at f = 20 THz and T = 288 K the radiation emitted by the 
"black body" surface over a 1 THz band is 13.7 W/m²/THz. 

 

https://fr.wikipedia.org/wiki/Loi_de_Planck
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The spectrum emitted by each star gives its surface temperature (e.g. 3,000°C for Betelgeuse, 11,000°C for Sirius). 
 
Compared to Planck's Law, Stefan Boltzmann's Law expresses the area limited by Planck's curve (integral over 
frequency or wavelength). 
 
This law is fundamental to our subject, since it translates the energy received (or emitted) by radiation into 
temperature. It's remarkable because it works in both directions: 

- a "black body" surface (in a vacuum) that receives and absorbs energy M stabilizes at temperature T (so it 
doesn't heat up indefinitely). 

- a "black body" surface (in a vacuum) at temperature T emits (radiates) energy equal to M. 

- T is an equilibrium temperature. 
 
All bodies (solid, liquid or gaseous) radiate at their temperature. 
 
Also worth noting: it takes more than 5 W/m2 of additional radiation to raise the surface temperature of a body 
from 15 to 16°C. 
 
 

3.2. Emissivity, absorptivity 
 
In reality, no body is a perfect "black body", and the frequency and intensity distribution of the Spectrum follows a 
disturbed curve: see below the example of different terrestrial surfaces (Source: Daniel Feldman PNAS 2014).  
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Since our aim is not to give a specific course on radiation, we won't go into detail here. 
 

But, for simplicity's sake, the radiative flux is corrected by a factor Ů (epsilon) (emissivity) (between 0 and 1), depending 

both on the nature of the emitter's surface, and on the wavelength (we speak of absorptivity in the other direction for a 
receiving body, knowing that, for the same body, Emissivity = Absorptivity: Kirchhoff's Law).  
 

 M = Ů ů T4 
 (assuming Ů constant across the spectrum) 

 
Only "black bodies" have an emissivity equal to 1; let's assume that the Earth has an emissivity of around 0.9. 
 
 

3.3. Energy exchange (heat) by radiation in a vacuum 
 

 
 
When 2 bodies are at different temperatures, the hotter one (here A) radiates towards the colder one (here B); but, of 
course, B also radiates, depending on its own temperature. 
 
If A is warmer than B, the heat transfer is only from A to B and is equal to the difference : 
 

 MA - MB = Ů2 ů (TA
4 - TB

4 ) (assuming the same emissivity for both bodies)2 
 
As between two bank accounts, radiative heat transfer is the net balance of an exchange: what B effectively receives 
from A minus what A effectively receives from B. 
 
In fact, it's as if A radiates, not according to its own surface temperature, but according to its difference in T4 (temperature 
to the power of 4) with the medium receiving its radiation: 0 K if it's the cosmos (2.7 K in any case). 
 
If A and B are at the same temperature, there is no radiative transfer of heat (and therefore energy) between the two. 
This is (almost) the case, for example, between the Earth's surface and the very low atmosphere in contact with it, which 
are (statistically) (almost) at the same temperature. 
 
When B is subjected to A's radiation, if A is hotter than B, B absorbs its radiation and heats up, but, due to its own 
temperature-related radiation, B will itself reach equilibrium temperature, and will then radiate according to a spectrum 
that will be below that of A, and shifted towards lower frequencies (or longer wavelengths) than that of A (according to 
Planck's and Wien's laws explained above). 
 
This is what happens with the Sun and the Earth: typically, the Sun's radiation warms the Earth (which is at a lower 
temperature) by radiation. 
 
But the Earth must also evacuate the energy it receives (otherwise, it would heat up to the temperature of the Sun): 
since it's in a vacuum, it can only do so by radiating towards the cosmos (at 2.7 K), following the same laws as a function 
of its own temperature. 
 

 

2 More rigorously, if A has an absorptivity of ŮA and B an absorptivity of ŮB,  the total power radiated by surface A to surface B is ŮA  

ůTA4 and B absorbs ŮB  of it i.e. ŮB  ŮA  ůTA4 and sends the rest (1- Ů )B  ŮA  back to A, which sends back (1- Ů )B  ŮA  (1- ŮA  ) of which 

the fraction ŮB will be absorbed and the rest sent back ...   the net transfer per unit area is finally :    

Ůr éduit 5,67 ((TA /100)4 - (TB /100)4 ) with 1/Ůr éduit = 1/ŮA  + 1/ŮB   -1 . 

Numerical application: ŮA  = 0.9 =  ŮB  , TA =290 K, TB =287 K, Ůreduced = 1/(2/0.9 -1) =0.818 and 0.818 x 5.67 x (2.94 -2.874 ) = 13.4 

W/m². 
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Thus, due to its lower temperature than that of the Sun, its re-emission spectrum lies below that of the Sun, and is 
shifted towards the "thermal" infra-reds (red curve corresponding to 288 K or 15°C in the graph above), compared to 
that which it receives from the Sun. 
 
In fact, things are a little more complicated: as we'll see later, due to other physical laws at play, and the opacity of 
certain atmospheric gases, radiation from the Earth to the cosmos is released at different altitudes, whose temperatures 
(and therefore emission curves) are generally even lower and more offset. 
 
 

3.4. Radiant heat exchange in a medium 
 
In a vacuum, where radiation is the only possible mode of heat exchange, things are simple, but as soon as it encounters 
an obstacle or penetrates a medium, radiation is altered. 
 
 
3.4.1. Transparency, Absorption, Opacity 
 
A medium is said to be transparent when radiation passes through it completely freely (with no change in wavelength 
or intensity), as in a vacuum. 
 
Conversely, a "black" body absorbs all the radiation it receives. Absorption is reflected in the opacity of the medium. 
 
But in nature, no body is either perfectly transparent or completely opaque. 
 
In particular, the same medium can be transparent at certain wavelengths and opaque at others: 

- This is the case, for example, with conventional glass, which is transparent in the visible range but opaque in 
the thermal  infrared (IR)  range; 

- As we shall see later, this is also the case for CO2 (carbon dioxide), which has an absorption band between 
17.5 and 23 THz (584 to 767 cm-1 ), where it is opaque, and for water vapour, which is opaque in almost all 
thermal infra-red (radiation emitted by the Earth); 

- Similarly, the human body is opaque in the visible and infrared, but transparent to X-rays (radiology). 
 
Note: This poses a real problem, because a body receiving radiation in a transparent domain might not be able to re-
emit it because its re-emission spectrum, cooler than the source, would be in an opaque domain; it would then be 
necessary : 

- or it heats up to raise its emission spectrum into a transparent range,  

- or it finds a re-emission strategy other than radiation. 
 
We'll see later, for example, that this is the case for oceans, and how they cope. 
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The frequency bands to which certain bodies are opaque are their absorption band(s).  
 
In reality, no body is totally opaque, even in its absorption bands, and every body becomes opaque beyond a certain 
thickness (or density): we'll talk a little later about "optical thickness" to measure opacity. 
 
Liquid water, for example, absorbs all solar infrared within a few millimetres, and all thermal infrared within a few tens 
of microns (whereas near UV rays penetrate water to a depth of several dozen metres). 
 
When a body is opaque, it blocks and absorbs the radiation it receives and heats up until it reaches equilibrium, 
depending on the temperature of the emitting body and its absorptivity, in application of Planck's Law. 
 
Similarly, in application of the same law, it emits radiation according to its own temperature and emissivity. But it can 
only transfer heat to a body colder than itself, and in proportion to the difference in T4 (absolute temperature to the 4th 
power). 
 
 
3.4.2. Reflection 
 
A perfect reflective body (mirror) completely reflects the radiation it receives, without altering its intensity or wavelength 
spectrum. A mirror is an (almost) perfect reflecting body, but in nature, none is a perfect reflector. 
 
 
3.4.3. Diffusion, backscattering 
 
When the medium contains aerosols, droplets or ice crystals, these scatter or even backscatter the radiation they 
receive in certain directions, on part of the spectrum, the incident flux; only a fraction of the light beam continues in its 
original orientation. The scattering of the blue-violet spectrum of solar flux explains the blue of the sky. 
 
While the thermal infrared flux emitted by the Earth is diffuse, due to its origin, the solar flux received at the surface is 
partly diffuse and partly directed in the sun's direction. Clouds favor diffuse radiation and often even suppress direct 
radiation. 
 
 

3.5. Radiation in gases (and air) 
 
All gases are transparent to the human eye under normal conditions of temperature and pressure, although some, like 
chlorine, are colored. 
 
But all gases have an absorption spectrum outside the visible range, i.e. they absorb radiation in certain lines or 
wavelength bands: they are opaque there, and also make the atmosphere containing them opaque (to a greater or 
lesser extent, depending on their concentration). 
 
This is highly counter-intuitive, as our visible range doesn't lie in these wavelengths, and we can't imagine living in an 
opaque atmosphere: fortunately, here again, nature is well designed. 
 
But this is the case for gases containing different atoms, and in particular carbon dioxide (CO2 ) and water vapour (H2 
O), triatomic molecules with an electric dipole moment, which absorb radiation at the natural frequencies of the vibrations 
and vibration-rotations of their molecules: 

- for CO2, around 2.7, 4.3 and 15 µm 

- for water vapour (we're talking about gaseous water here, not clouds), in broad bands from 0.7 to over 70 µm. 
 
If our visible range fell within these bands, we'd be in total darkness. 
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But they also, and only, radiate in these same bands, at their temperature: outside these bands, they are transparent. 
 
The behavior of this radiation poses a problem of understanding, which is often at the root of poor explanations of the 
so-called "Greenhouse Effect", and which we are going to clarify: 
 
Inside the gas (atmosphere), above a certain concentration of "opaque" gases (CO2 and water vapor), there is 
no heat transfer (or heat exchange) by radiation, because : 

- in the transparent range, a gas neither emits nor absorbs radiation, by definition, 

- in the absorption bands, it is quickly opaque, and, also by definition, there is no heat transfer by radiation through 
an opaque body. 

 
The question therefore arises only at the "surface" of the gas, i.e. at an interface between the gas and the outside world, 
and at the wavelengths corresponding to its absorption bands. 
 
The Earth's atmosphere has only 2 interfaces: 

- the earth's surface, where the radiation emitted by the surface is progressively absorbed, in its IR absorption 
bands, by the opaque gases of the atmosphere (CO2 and water vapour), over a distance of a few tens or 
hundreds of metres (depending on frequency), and therefore at the same temperature: heat exchange is 
negligible, as the temperature difference is virtually zero (statistically); 

- the top of the atmosphere, at a level where it becomes less and less opaque, due to its rarefaction at altitude, 
and therefore lets radiation out at the wavelengths of its absorption bands: 

. on descent, in the case of solar radiation, until it is blocked further down (by heating up the atmosphere) 
(between 1 and 4 µm), 

. upwards (thermal infrared), releasing it into the cosmos from the altitude where the concentration of 
these "opaque" gases becomes insufficient to retain their radiation, with a power corresponding to the 
temperature at that altitude (= the temperature difference with the cosmos towards which it radiates). 

 
 

3.6. Measuring opacity: Optical Thickness 
 
This concept is fundamental to understanding climate (or at least its "radiation" component), as it gives a numerical 
value to what some people (wrongly) call the atmospheric "Greenhouse Effect". 
 
In physics, transparency (or its inverse, opacity) is measured by the Optical Thickness t (thickness), a dimensionless 
number that characterizes the ratio between the light intensity (or radiant flux) recovered M at the exit and the intensity 
received M0 (at a given frequency): 
 

 t = - Ln(M/M0 )  (Ln = natural logarithm) 
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or conversely, M/M0 = e-t 

 
For diffuse radiation (radiation in all directions, as in gases), the ratio is : 
2 E3(t), where E3(t) is a special exponential-integral function of index three. 2 E3(t) is approximated by : 
 

 M/M0 = e-t / ( 1 + 0.65 t)   
 
The absorption 1-2 E3(t) is 50%, 80%, 94% and 98.2%, respectively for t= 0.42, 1.07, 2 and 3. (Or, more simply, an 
optical thickness of 1.07 absorbs 80% of the radiation, a thickness of 2 absorbs 94%: the greater the optical 
thickness, the more opaque the gas.  
 
A simple way of representing optical thickness is the sheet of paper: as a first approximation, we can consider that a 
thickness of one sheet corresponds to an optical thickness of 1, 2 sheets of 2, 3 sheets of 3, ... and so on: a ream of 
paper corresponds to an optical thickness of 500.  
 
The optical thickness t is zero at wavelengths where the gas is transparent; it is significant only in the absorption bands 
of the gas; it then depends, for a given concentration of this gas and a distance crossed, on the frequency of the 
radiation.  
 
But as we'll see later, in some frequency bands, the optical thickness of the atmosphere is several hundred times greater, 
which means that the atmosphere is opaque. 
 
In the remainder of this document, for each radiation frequency, we will identify the altitude corresponding to an optical 
thickness equal to 1, considering that it is at this altitude that the "surface" of opaque gases is located: 

- at the bottom, i.e. the altitude, seen from the ground, above which the atmosphere becomes opaque, and from 
which, conversely, it radiates towards the ground, 

- at the top of the atmosphere, i.e. the level at which they become sufficiently rarefied to gradually allow their 
own radiation to pass into the cosmos (this is the radiative interface between the atmosphere and the cosmos). 

 
The optical thickness of air at a given frequency is the sum of the optical thicknesses, at this same frequency, 
of all the gases it contains: air is perfectly transparent only between the absorption bands of the different gases 
it contains. 
 
 

3.7. Corpuscular approach 
 
All the concepts we have described above can be explained using a corpuscular approach (radiation is considered as 
a collection of photons, rather than as a vibration): 
 
Any molecule that absorbs radiation at a certain frequency radiates at that frequency, but at its own temperature, which, 
for an atmospheric gas, is that of air. 
 
We therefore have shocks of H2 O or CO2 or others with molecules (N2 , O2 , Ar) of varying speed, and shocks that are 
more or less effective at exciting vibrations or rotations in the molecule's structure. 
 
Close to the ground: high pressure, high temperature, high "average" speeds: billions of collisions per second: after a 
collision that excites a mode of vibration, the probability of emitting a photon before the next collision that will remove 
its vibration-rotation energy is very low: molecules that absorb a photon emitted by the surface or by a molecule in the 
air above or below them are almost immediately de-excited by a collision that transfers the vibration-rotation energy to 
the majority molecules N2 , O2 , Ar in the form of kinetic energy, and therefore temperature (molecular agitation = 
temperature). 
   
At the top of the atmosphere, there are fewer exciting collisions because of lower concentration and temperature, so 
the excited molecule has "on average" more time to de-excite by radiating: this is where "opaque" gases radiate out into 
the cosmos.  
 
Molecules do emit in all directions, but this isn't because they've absorbed a photon from the surface, but because 
they're emitting at their own temperature (that of the gas they're in).  
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4. The earth's atmosphere 
 
 
 

4.1. General 
 
The atmosphere is traversed both by solar radiation reaching the Earth and, in the opposite direction, by infrared 
"thermal" radiation emitted by the Earth into the cosmos. And so, before analyzing the path of these rays through the 
atmosphere, it's worth taking a closer look at its constitution and structure. 
 
 

4.2. Atmospheric pressure and relation to altitude 
 
Every m2 of the Earth's surface is covered by 10 tonnes of air (1 kg/cm2 ); but the atmosphere is compressible under its 
own weight, which explains why its pressure decreases with altitude. 
 
(In some of the graphs that follow, we'll often express altitude in terms of pressure, as many properties depend more on 
pressure than on altitude itself: you'll need to keep this relationship in mind). 
 

 
 

Or, close to the ground surface: h = 10 (1000-P) (h in meters, P in hPa) 
 
 

4.3. Layered structure 
 
The atmosphere is made up of several layers: starting from the ground : 

- the troposphere (up to around 12 km altitude or 200 mb pressure): this is the atmosphere in which we live: it is 
characterized by a negative mean temperature gradient: the higher you go, the more the temperature drops, to 
around -50 to -60°C (210 to 220 K), which sustains strong convection, the importance of which we'll see later; 

- the stratosphere, where the temperature rises to -3°C at around 40 km altitude, where the ozone layer is 
located, and which is therefore in temperature inversion, which prevents any convection: this part of the 
atmosphere is therefore "stratified", hence its name; 

- the mesosphere, up to around 80 km, where the air continues to cool to around -80 to -100°C 

- Then there's the thermosphere, where the air is so rarefied and ionized that it doesn't contribute to the climate: 
these last 2 layers can therefore be neglected. 
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The boundary between the troposphere and the stratosphere is called the tropopause: by definition, it lies at the altitude 
at which the temperature gradient in the troposphere reverses or undergoes a very sharp discontinuity, or, in other 
words, at the altitude where convection stops.  
 
One of the difficulties lies in the fact that this altitude is not fixed: the tropopause tilts between the intertropical zone, 
where it is well set, high (16 km) and cold (-90°C) (equatorial chimney: red curves below), and the sub-polar zone, where 
it is more blurred, low (8 km) and warm (relatively: -50°C) (black curves below), as shown in the graphs below, taken 
from balloon-sonde readings: 
 

 
 

   The ordinate is expressed as the logarithm of the pressure in mb : 
    3 corresponds to 1000 mb (or 1 atm), i.e. ground level 
    2 corresponds to 100 mb (or 0.1 atm), or an altitude of around 16 km 

 
The causes of this temperature profile in the troposphere and this minimum temperature at the Tropopause are 
explained below. 
 
 

4.4. Atmospheric currents and ocean currents 
 
On the one hand, the oceans : 

- have considerable thermal inertia, 

- are home to currents that transport large quantities of heat (e.g. Gulf Stream), 

- constitute an almost infinite source and potential reserve of both dissolved CO2 and water vapour (of course!), 
the importance of which for the climate will be seen later, 




































































































