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Abstract 

Tropical cyclones, also called hurricanes or typhoons, appall mankind and 

devastate our environment. Formed during the hot season, tropical cyclones 

act like valves releasing the heat accumulated in the tropics. 

Safety valves also evacuate energy and sometimes lead to disastrous accidents 

that can be global in scope. For example, the initial cause of the Three Mile 

Island accident, the worst nuclear accident ever to occur in the USA, is to be 

sought in the behavior of a valve. Recent developments in thermodynamics 

show that flows in this valve had deeply penetrated the chaotic field. 

As the same physical process can produce similar phenomena at extremely 

different scales, this suggests that chaos would also be likely to appear during 

the formation of a tropical cyclone. 

There are many other analogies between the confined flows in thermal power 

plants and the open sky phenomena analyzed by specialists of earth and ocean 

science. In both cases, phenomena are subjected to the laws of non-

equilibrium thermodynamics. 

Starting from the field of energetics, this article will attempt to show, in 

particular, that a tropical storm subjected to very strong constraints can 

actually enter a state of chaos before becoming a dreaded tropical cyclone, 

which gets rid of its motive power by wreaking havoc on the land of men. 

Keywords: chaos, disorder, dissipative structure, entropy, tropical cyclone, 

sea surface temperature 

 

1. INTRODUCTION 

The amount of energy received from the Sun is not evenly distributed on the Earth’s 

surface. This causes imbalances which force water and air from the atmosphere to 

move. As pointed out by meteorologists, the excessive rise in temperature of the 
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tropical sea surface is the main cause of atmospheric disturbances that occur during 

the hot season [1,2,3]. Our topic of discussion here concerns the movements of 

masses of fluid due to temperature changes; thus, it is the laws of thermodynamics 

that nature exploits to create these weather phenomena [4,5]. 

First, we should give an overview of equilibrium thermodynamics, based mainly on 

the foundational work of Sadi Carnot and Rudolph Clausius. 

Then, we quickly cover linear thermodynamics underlying near-equilibrium 

phenomena. Transport phenomena involve the transport of matter, energy or 

momentum. The type of transport most discussed in this article is thermal conduction, 

defined as the transfer of energy from one place to another due to molecular agitation, 

with a corresponding change in temperature. In this domain, linear approximations are 

used. These transport phenomena are dissipative: entropy increases [6]. Since the 

phenomena relate to agitation in the molecular world, the laws that apply are those of 

statistical mechanics [7]. 

When the temperature gradients become slightly larger, the motion of fluid becomes 

rather complex. This transport process is extremely difficult to analyze in detail. The 

laminar fluid flow suddenly becomes turbulent [8] after passing a bifurcation. This is 

a manifestation of weak chaos. 

By deviating further from equilibrium, the system penetrates deeper into non-linear 

thermodynamics where ordered structures appear after passing through occasionally 

chaotic zones. Theoreticians of chaos, from the pioneer Henri Poincaré to, more 

recently, Ilya Prigogine, have shaken physics by questioning determinism in the laws 

of motion. These often visible self-organized structures that are generated far from 

equilibrium were called dissipative structures by Prigogine so as to associate the two 

notions of order and waste [9]. The organized convective cells discovered by Henri 

Bénard are the most famous demonstration of these structures. Bénard’s experiment 

paved the way, in particular, for Hadley’s cells which develop around the globe. 

Very far from equilibrium, after going through bifurcations and chaotic zones, 

structures that are much more dynamic and stable emerge: these are the tropical 

cyclones. Order in the dissipative structure of a tropical cyclone appears in the form 

of a gigantic heat engine that uses its potent motive power to swell disproportionately. 

Nature thus creates a heat engine powered by the release of latent heat when water 

vapor condenses into liquid water [10,11]. This organized monster hampers the 

necessary dissipation of energy. The order created by thermodynamics far from 

equilibrium then becomes harmful for mankind. 

Non-linear thermodynamics produces phenomena that are remarkable scientifically, 

but fearsome for humanity in two applications that appear unrelated, yet have the 

same causes: tropical cyclones and valves [12,13,14]. 

The purpose of this article is to attempt to draw parallels between these two aspects of 

an identical problem. Starting from the domain of energetics, we provide an outside 

opinion on how a weak disturbance in the ocean transforms into a devastating tropical 

cyclone. Two scientific fields, in this case meteorology and energetics, are so 
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intertwined that it was a meteorologist, Edward Lorenz, who first drew attention to 

manifestation of chaos in the atmosphere [15] with his famous butterfly effect. 

 

2. EQUILIBRIUM THERMODYNAMICS: CARNOT’S IDEAL MACHINE 

One way to convert solar radiation into mechanical energy is to use a thermodynamic 

cycle (Figure 1). 

 

 

 

Figure 1: Solar power plant            Figure 2: Carnot’s ideal machine 

 

The main circuit operates using water or an organic fluid in a closed circuit. In its liquid 

state, the fluid is pressurized by a pump. It changes state in the evaporator which forms 

the hot source and expands in the gas phase in the turbine, then returns to a liquid phase 

at the exit of the condenser, the cold source of the cycle. 

A primary circuit (not shown in figure 1) containing the solar collectors provides the 

necessary heat to evaporate the water of the main circuit. Another circuit evacuates 

the calories from the cold source. 

 

2.1. Carnot Machine 

Nicolas Sadi Carnot sought to solve the mystery of the conversion of heat into work 

in order to better understand the operation of the steam engines of his time. 

He had the brilliant idea of disregarding, in his thinking, all the irreversibilities that 

impeded understanding. Thus, while his reflections are theoretical, his very general 

conclusions are useful for any type of machine and any fluid. Carnot’s machine is a 

pure abstraction but nonetheless a reference for all other heat engines. 
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With Carnot, let us imagine a perfect machine: for example an ideal solar power plant. 

To  ensure  the  maximum  performance of  this machine, it must  of  course correspond 

to perfection. In particular, there must be no mechanical friction because that would 

convert part of the work produced into heat. The process must also be sufficiently 

slow so that heat exchange can be carried out as efficiently as possible. 

For such a machine to be perfect, it should only include reversible transformations, 

which are a continuous succession of states of equilibrium. If a reversible 

transformation is carried out from a state 1 to another state 2, the opposite reversible 

transformation from 2 towards 1 will encounter the same intermediate equilibrium 

states. Since the cycle of a Carnot machine neglects irreversibility, it is an 

inaccessible theoretical machine and an abstraction. 

Carnot considered the control volume (S) of figure 2 as a black box separating any 

reversible machine from the outside: for example the solar power plant in figure 1 

made reversible by the thought. This perfect machine, contained in (S), exchanges 

heat and mechanical energy with the outside. 

 A quantity 𝑄1 of heat enters the system (S), 

 A quantity of work 𝜏𝑒 leaves the system (S) for an outside use, 

 A quantity 𝑄2 of heat is discharged from the system (S). 

 

2.2. Second Law of Thermodynamics 

The solar power station produces work from two heat sources with different 

temperatures. It doesn’t matter whether the engine is real or ideal, this observation is 

general. Irreversibilities muddle the problem. 

 

“Wherever there is a difference in temperature, motive power can be produced” 

wrote Sadi Carnot in 1824. He added: “We can compare with sufficient accuracy the 

motive power of heat to that of a waterfall.” Water flows from upstream to 

downstream; on the way, a water turbine withdraws part of the energy and transforms 

it into mechanical energy. 

The Carnot cycle of a reversible machine (Figure 3) is composed of two isothermal 

lines 𝑇1 = 𝑐𝑡𝑒  and 𝑇2 = 𝑐𝑡𝑒 and two isentropic lines  𝑄𝑒 =  0. 

The quantity of heat 𝑄1 > 0 (according to the conventions of thermodynamics) cannot 

be  completely transformed  into  work.  The cycle restores the quantity of heat 𝑄2 < 0 

to the cold source.  Only the quantity of heat  (𝑄1 + 𝑄2)  represented by the  surface 

of the cycle on the  Clapeyron  diagram  (Figure 3) is  transformed into work 

𝜏𝑒 supplied outside the machine. 
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Figure 3: Carnot Cycle, Pressure-volume diagram 

 

2.3. Reversed Carnot cycle − The Clausius Postulate 

In figure 4, heat flows from the hot source to the cold source by providing work 

outside in the Carnot machine. If we now reverse the system, by seeking to extract 

heat from the cold source in order to transfer it to the hot source, some work must be 

provided from the outside to the fluid; this is the case of heat pumps and refrigeration 

machines (Figure 5). The operation is no longer free. 

 

 

 

Figure 4: Carnot Machine        Figure 5: Reversed Carnot Machine 

 

The Clausius postulate, another presentation of the second thermodynamics law, 

states that: “Heat cannot, of itself, pass from a colder to a hotter body.” 
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2.4. The First Law of Thermodynamics 

The first law of thermodynamics expresses the conservation of energy. Energy is 

conserved but it can change form. 

Since the working fluid starts from an initial state of the cycle and returns to this same 

state after having gone through the cycle during which it exchanges heat and work, it 

cannot accumulate energy. For all cycles, including that of the Carnot machine 

(Figures 2-3), the first law of thermodynamics is written: 

𝜏𝑒 + 𝑄𝑒 = 0 

With: 

                  𝜏𝑒 < 0             𝑄𝑒 = 𝑄1 + 𝑄2 > 0              (1) 

 

Work supplied to the external surroundings by the cycle is:  |𝜏𝑒| = 𝑄1 + 𝑄2 

 

The Carnot cycle is an engine cycle since it provides mechanical work outside. It is 

travelled in a clockwise direction on the Clapeyron diagram (Figure 3). 

 

2.5. The Carnot-Clausius equality 

The Carnot cycle involves the relationship: 

𝑄1

 𝑇1
=

𝑄2

𝑇2
                     (2) 

This  expression,  called  the  Carnot-Clausius  relation,  paved  the  way for Clausius’ 

explanation of entropy. 

 

2.6. Thermal efficiency of the Carnot machine 

As the quantity of heat transferred to the cold source is too low, it is considered as lost 

for the cycle. 

Work is transformed into heat with great ease, but there is no method to convert all 

the heat into work, even in a perfect machine that we will never be able to build. The 

transformation of thermal energy into mechanical energy is therefore assigned a 

certain efficiency. 

The thermal efficiency 𝜂 of the Carnot cycle is the relationship between work provided 

outside and the quantity of heat 𝑄1 used. Given the previous Carnot-Clausius equation, 

we can express thermal efficiency in terms of absolute temperatures (in Kelvin): 

 

η =
|𝜏𝑒|

𝑄1
=

𝑄1 + 𝑄2

𝑄1
= 1 +

𝑄2

𝑄1
= 1 −

𝑇2

𝑇1
                 (3) 
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2.7. Entropy - Quantity of heat - Temperature 

Clausius adopted the concept of entropy 𝑆 by laying down that: 

𝑆 = 𝑄/𝑇 

This function entropy 𝑆 is a state function: it depends only on the state that the system 

is in, such as its pressure, temperature, etc. 

In Carnot’s time, the distinct concepts of temperature and quantity of heat that 

compose entropy were often poorly understood or confused. 

 Temperature characterizes molecular agitation. 

 Heat is a quantity of energy that changes a body’s temperature. 

For example, conduction is a phenomenon of heat transfer that occurs to change an 

environment’s temperature. 

During a reversible open transformation of a system going from state 1 to state 2 

(which can be a portion of a cycle) we have: 

 

∫
𝑑𝑄𝑒

𝑇

2

1

= 𝑆2 − 𝑆1                                                                  (4) 

 

This equation shows that an increase in entropy during a reversible process is entirely 

due to heat exchanges with the outside. 

 

3. NEAR-EQUILIBRIUM THERMODYNAMICS - CONDUCTION 

This domain precedes that of the atmospheric disturbances that develop over the 

ocean, but must first be described for the clarity of what follows. 

Carnot’s thermodynamics, briefly presented above, is a static thermodynamics: it 

concerns situations in equilibrium. If these situations evolve, they go from one 

equilibrium to another at a speed that is theoretically null. Irreversibilities can 

therefore be disregarded. 

In fact, in thermal machines, the working fluid flows through the cycle much more 

quickly and the processes are therefore irreversible. The system moves away from 

equilibrium. The actual transformations that occur in nature are always irreversible. 

 

3.1. Irreversibilities. They can be listed as follows: 

3.1.1. Irreversibilities of heat exchanges 

A transformation can only be reversible if it takes place between two bodies with an 

infinitesimal difference in temperature. Because a perfectly conductive materiel 
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doesn’t exist, the transmission of a quantity of heat from a hot body toward a cold 

body requires a finite temperature gradient, which makes the phenomenon irreversible 

since the inverse process is impossible according to Clausius’ postulate. This defect 

comes from the temperature alone: it is a thermal irreversibility. 

 

3.1.2. Irreversibilities due to friction 

Friction, related to viscosity, that transforms mechanical energy to heat is one of the 

main causes of irreversibilities. 

 

3.1.3. Irreversibilities due to vortexes 

A vortex is an active agent of energy dissipation in nature. 

An ideal vortex, such as the one studied by Helmholtz or by Kelvin, follows the law 

of irrotational flows  𝑅𝑉 = 𝑐𝑡𝑒. It is composed of fluid particles that spiral around an 

axis, at a speed that increases the closer one comes to the axis, where this speed 

becomes theoretically infinite. 

Since the mathematical notion of infinity doesn’t exist in physics, another phenomenon 

completes the previous schema in the central zone. A second concentric vortex, turning 

as a solid body according to the law of rotational flows  𝑉 = 𝑐𝑡𝑒 ∗ 𝑅, is formed inside 

the initial vortex. These nested concentric vortices are present in nature and occur in 

tropical cyclones in a very spectacular way. 

In theory, it is the internal vortex that dissipates energy. The external ideal vortex 

transmits energy without dissipating it. 

In practice, there is an enormous difference between the theoretical description of the 

ideal vortex given above and a real vortex. The theoretical ideal vortex is irrelevant 

for our present purposes, whereas it is precisely because it deviates from the ideal 

irrotationnel vortex that an actual vortex allows the dissipation of energy. 

Following observations of tropical cyclones, Shea [16, 17] proposed to adopt the 

following law:  

𝑉√𝑅 = 𝑐𝑡𝑒                                (5) 

 

rather than  𝑅𝑉 = 𝑐𝑡𝑒  , which profoundly changes the characteristics of a vortex 

because it introduces tangential viscous constraints in flows by making it rotational, 

and thereby dissipative. 

3.2. Production of entropy 

In  real  machines  that  therefore  take  irreversibilities  into  account, the efficiency is 

weaker than that of a Carnot machine with reversible processes. 

During  an  irreversible  cycle,  a smaller fraction of  𝑄1  is  converted into work and a 
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larger quantity of heat 𝑄2 is transferred to the cold reservoir. This gives: 

 
𝑄2

𝑇2
>

𝑄1

𝑇1
                                             (6) 

During an irreversible open transformation, the previous relation (4) above, obtained 

in an ideal case, becomes: 

∫
𝑑𝑄𝑒

𝑇

2

1

< 𝑆2 − 𝑆1         𝑜𝑟          
𝑑𝑄𝑒

𝑇
< 𝑑𝑆         (7)    

 

Let’s replace the inequality (7) by the following equality: 

𝑇𝑑𝑆 = 𝑑𝑄𝑒 + 𝑑𝜏𝑓                                                 (8) 

The term 𝑑𝜏𝑓 is introduced to quantify irreversibilities; it represents work that has been 

converted to heat. Due to viscosity, mechanical energy is always dissipated as heat.  

 

In an irreversible process, the external thermal contribution 𝑄𝑒 is no longer 

sufficient to explain the increase in entropy. Entropy is created during the process. 

This  increase is due to the conversion of mechanical energy into heat produced by 

irreversibilities. All irreversible phenomena lead to the creation of entropy.  

Let’s adapt the previous equation (8): 

 

𝑑𝑆 =
𝑑𝑄𝑒

𝑇
+

𝑑𝜏𝑓

𝑇
= 𝑑𝑆𝑒 + 𝑑𝑆𝑖                       (9) 

 

Two types of contributions participate in the change of entropy: 

 The external contributions that result from exchanges of energy and also of 

matter with the outside. 𝑑𝑆𝑒 is the corresponding variation in entropy. 

 The internal irreversibilities create a variation in entropy 𝑑𝑆𝑖. The causes are 

often very different in nature, as has just been seen. 

The total variation in the entropy 𝑑𝑆 of a system comprises therefore the sum of two 

terms, one 𝑑𝑆𝑒 (positive or negative) coming from external exchanges, the other 𝑑𝑆𝑖 

(always positive) coming from internal thermodynamic dissipations. 

 

3.3. Order and disorder 

Let’s take a gas confined in a bottle and then open a valve so that the gas is discharged 

into a larger reservoir. When homogenization has taken place, the gas contained in the 

large  reservoir is  in  equilibrium.  As the process is  irreversible - since it is impossible 
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to go back -, the entropy in the final state is greater than the initial entropy when the 

gas was confined in the bottle. 

Boltzmann showed that entropy is a measure of the disorder that reigns in the 

molecular world. Entropy is thus associated with disorder. The gas confined in the 

bottle is in a situation of weaker entropy: there is therefore more order in the initial 

state and more disorder in the final state. 

 

3.4. Dissipative Structure 

If the irreversibilities  𝑑𝑆𝑖  are compensated by a permanent input of energy and matter 

𝑑𝑆𝑒  , the open system is maintained in stationary regime 𝑑𝑆 = 0 . The internal 

production of entropy and the entropy exchanged with the environment are equal. 

Prigogine called these systems dissipative structures by joining two apparently 

contradictory words since structures evoke order whereas dissipative refers to the notion 

of disorder. 

 

3.5. Conduction in Bénard’s experiment 

Henri Bénard’s thermal experiment enables one to better understand the phenomena 

that nature creates over the oceans: Hadley cells. The experimental setup comprises a 

layer of liquid between two parallel plates. The two plates are at the same temperature, 

and the liquid is in thermodynamic equilibrium. The liquid appears perfectly uniform to 

an observer, and everything seems calm. At the beginning of the experiment, this state 

of thermodynamic equilibrium corresponds to point 0 in figure 9. 

Now, let’s move away slightly from this equilibrium by heating the bottom wall. A 

control parameter CP, which depends on the difference in temperature between the 

two plates, controls the process. The bottom and top plates are held respectively at 

temperature T1 and T2, with T1 > T2. The system is therefore maintained by an 

external energy source (Figure 6). 

After applying this constraint, the system deviates slightly from equilibrium. It is in a 

permanent state of non-equilibrium (point 1 in figure 9). 

 

 

Figure 6: Heat Conduction         Figure 7: Direction of heat flow 
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When T1 is close to T2, therefore close to equilibrium, the temperature gradient is 

weak. This is thermal conduction governed by Fourier’s linear law, which is an 

irreversible phenomenon. Transport phenomena are accompanied by an increase in 

entropy. Some thermal energy is transferred from the faster molecules to the slower 

ones. This steady flow of energy occurs without any transport of matter. 

Thermal conduction, a transport phenomenon, goes from the higher to the lower 

temperature (Figure 7). A constant supply of external energy maintains the process, 

while keeping it close to equilibrium. Microscopic phenomena caused by molecular 

interaction do not induce any perceptible macroscopic effects. 

 

4. THERMODYNAMICS FARTHER FROM EQUILIBRIUM - CONVECTION 

Close to equilibrium, the heat is first transported by conduction, but starting from a 

critical gradient, transport by convection is also created. As soon as one leaves the field 

close to equilibrium, invisible conduction gives way to convection, which emerges in 

front of our eyes. The two means of energy transport, conduction and convection, 

compete with each other. Conduction is not effective enough to transport energy; 

convection wins. The most effective means of transport always dominates the other. 

Fourier’s linear law of conduction used previously is no longer valid. We leave the 

determinism of linear laws and enter the non-linear world. The heat flow directed 

upwards makes the system unstable and complex. It becomes sensitive to gravity 

which had little effect on the system close to equilibrium during conduction. The hot, 

more dynamic, fluid particles manage to clear a path and rush upwards to the top 

plate, pushing the more sluggish cold particles down. 

When we increase the temperature gradient sufficiently, pushing the system out of 

equilibrium, instabilities occur in the fluid, long-range movements are observed, and a 

mass movement is established. Transport by convection is born when the system 

reaches a critical point, the place of a bifurcation (point 2 in figure 9). 

 

 

Figure 8: Bénard’s convective cells 

 

When the temperature gradient is larger still, an increase in fluid speed makes the 

flow jump from laminar to turbulent regime, generating a turbulent convection that 

considerably accelerates exchanges between different layers, especially heat diffusion. 
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This transport process becomes extremely difficult to analyze in detail. Turbulence is 

a manifestation of chaotic motion in fluids. 

After the bifurcation, rather turbid, often chaotic and sometimes short-lived zones can 

appear; they precede the stationary self-organized convective state in which the 

molecules themselves take part in a collective movement. 

The microscopic world spontaneously organizes itself in a spectacular fashion and 

becomes observable from our macroscopic world. An overall movement is created; it 

is repetitive and forms what is known as Bénard cells (Figure 8). 

In  this organization of the fluid,  the convection cells rotate alternately clockwise and 

counter-clockwise due to a gear effect. Each cell rotates in a specific direction, 

alternating from one cell to the next. The convection movement that is established 

constitutes a completely new spatial organization of the system. This is a typical case 

of molecular restructuring. Billions of billions of molecules move coherently, forming 

these macroscopic convection cells. 

 

4.1. Dissipative Structures in Bénard’s Experiment 

Bénard’s convection cells are a spectacular example of a dissipative structure, a name 

which reflects the combination of the two concepts of order and waste. This name 

expresses a new fundamental fact: while dissipations are generally linked to ideas of 

efficiency loss and increasing disorder, they become a source of order when the 

system moves away from equilibrium. A new macroscopic structure is formed and 

can be maintained because an external constraint was applied. This constraint is the 

temperature gradient during Bénard’s experiment. 

In the 1970’s, studies in nonlinear thermodynamics highlighted these new and 

remarkable phenomena. As a system moves away from equilibrium, the simple rules 

predicted by the linear laws become unstable, and these spatial structures appear. 

When heat transport occurs through conduction, the fluid molecules located near the 

hot surface do not receive any information about what is happening near the cold 

surface. Molecules simply transmit kinetic energy through collisions to nearby 

molecules until reaching the cold surface. When convection is established, the 

molecules cooled close to the cold surface descend again towards the hot surface. As 

they do so, they bring information about the temperature of the cold surface. 

Communication is established and a control system sets up. As a system transforms 

into a dissipative structure, its entropy decreases because some order is created 

alongside the disorder. The increase in correlations as well as the decrease in entropy 

thus characterize the self-organization of a system. 

In a convective cell, short-range correlations due to the interaction between 

neighboring molecules exist. There is also, however, a long-range temporal and spatial 

correlation between a molecule of an updraft and a molecule located on a downdraft. 

An increase in correlations as well as a decrease in the level of entropy characterize the 

appearance of order, at least locally. In information theory, Claude E. Shannon showed 

that entropy measures the loss of information by a system, which throws new light on 
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the second law of thermodynamics. In Bénard’s convective cells, information is 

transmitted by molecules, thus confirming that entropy decreases compared to 

conduction which did not provide the system with any information. 

 

4.2. Control parameter in Bénard’s experiment 

Let us choose a control parameter CP that is identical, for the moment, to the Rayleigh 

number used by heat engineers. CP depends mainly on the temperature difference. 

At a critical Rayleigh number (point 2 in figure 9) where a bifurcation takes place, 

convection appears. After the bifurcation, rather unstable zones can be observed; they 

precede the stationary self-organized convective state (point 3 in figure 9). 

For thermodynamic systems out of  equilibrium,  observable and  well-organized 

situations, which it was difficult to predict, can thus occur. A new macroscopic 

structure is formed and can be maintained because an external constraint, in this case 

the temperature gradient, has been applied. 

 

 

Figure 9: Bifurcation diagram in Bénard experiment 

 

Energy dissipation is generally associated with disorder, but it becomes a source of 

order when the system moves away sufficiently from equilibrium. If the control 

parameter is increased even further, the organized structure would destroy itself 

completely: the system would leave a state of deterministic chaos (point 3 in figure 9) 

and enter one of generalized chaos (point 4 in figure 9). 

 

4.3. Hadley’s Dissipative Structures 

Because the equatorial regions are directly exposed to the sun’s intense rays, they 

accumulate heat. As nature seeks to create thermal equilibrium on the planet, this 

surplus of heat provokes complex movements, which draw much attention from 

meteorologists. 
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The movements of masses of water and air in the atmosphere are first subjected to 

transport phenomena of matter (molecular diffusion), energy (thermal conduction) and 

momentum (viscosity), that are statistical in nature and that link the microscopic world 

to our macroscopic world. These movements are governed by the Navier-Stokes and 

Reynolds equations but the complexity of the phenomena makes them intractable. 

Besides, using Stokes’ law of viscosity that relates the field of constraints linearly to the 

field of speeds, their domain of validity is limited naturally to near-equilibrium 

phenomena, in the linear domain of thermodynamics. By the non-linear terms that they 

contain, these relations carry within them the seeds of chaos. 

Thermal convection is the main process by which thermal energy is transported in non-

equilibrium thermodynamics. Convective currents constantly occur in the atmosphere, 

because air close to the Earth’s surface is hotter than air at high altitudes. 

The general atmospheric circulation is incredibly complex. The location of the 

phenomena, their behavior, their life span, etc. are especially difficult to grasp. 

Nevertheless, progress in numerical and statistical modeling as well as space 

observations allow meteorologists to address the phenomena as a whole and to 

improve forecasts. 

George Hadley thought that regular high-altitude winds should carry heat from the 

Equator towards the poles. The cold and heavy air in the polar regions then moved 

down towards the Equator near the surface, closing the cycle and starting a new one. 

If the Earth did not rotate, this heat would be transferred by a single convection cell. 

But the Coriolis effect due to the rotation of the earth deviates all moving particles. 

Because this effect deviates winds too much, there are finally three cells that form 

between the Equator and the poles to transfer the heat. 

The Hadley cells located between the Equator and the 30th latitude are the only useful 

ones for our purposes here, on tropical cyclones; they are described briefly below. 

Close to the Equator, the hot air rises into the atmosphere, creating a depression at the 

surface of the ocean. An inflow of cooler air from the tropics rushes into this lower 

pressure zone; it absorbs moisture during its contact with the surface of the ocean. This 

creates a depression zone near the Equator and a higher pressure in the tropical zones. 

The permanent airstream coming from the tropical latitudes and heading toward the 

Equator doesn’t move along a meridian; it is deviated by the Coriolis effect that plays 

an essential role in the horizontal atmospheric flow. These deviated currents that 

occupy the low layers of the atmosphere are the trade winds that are tilted toward the 

Equator (Figure 10). 

The Coriolis Effect deflects the air masses to the right in the northern hemisphere and 

deflects them to the left in the southern hemisphere. This, in turn, disrupts the 

formation of winds and the direction of tropical cyclones. 
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Figure 10: Hadley Cells and trade winds  

 

4.4. The Intertropical Convergence Zone (ITCZ) 

The trade winds coming from the Northeast in the northern hemisphere and those 

coming from the Southeast in the southern hemisphere converge and force the hot, 

humid air to rise.  A band of cloud a few hundreds of kilometers wide forms, encircling 

the Earth; it is the InterTropical Convergence Zone (ITCZ) that can be clearly seen on 

satellite images. 

A high atmospheric instability exists in this zone made up of an impressive 

accumulation of clouds invading the entire thickness of the atmosphere. 

As the hot and humid air rises, it cools abruptly and its condensation leads to heavy 

rains. At the tropopause, i.e. around an altitude of 15 km, air masses have lost much 

of their humidity as precipitation. They then escape toward the tropics, pushed by 

successive air masses. 

On moving away from the Equator, these masses of air with a low humidity are subject 

to the Coriolis effect which deviates their path eastward, forming opposite winds to the 

trade winds. Moving poleward, the air cools by exchange with the environment, and it 

begins to move down to the 30th latitude where the area of anticyclones is found. The 

air then warms up and its moisture decreases. 

To complete the Hadley cells, air coming from the anticyclone is redirected toward 

the Equator and the Coriolis effect transforms these winds again into trade winds. 
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During its journey over the warm tropical waters, the air absorbs moisture in a 

complex way. Nonlinear transport phenomena induce cross effects that are difficult to 

take into account during this phase. 

The flow of humid air is twisted inside Hadley cells because of the different 

directions of winds. There are many such cells around the Earth. 

Even though Hadley cells are much more complicated to analyze than Bénard cells, 

there is an obvious analogy between these two phenomena. 

 

5. VERY FAR from EQUILIBRIUM: the TROPICAL CYCLONE 

Hadley cells encircle the globe more or less parallel to the latitudes by forming 

cylindrical torus along the ITCZ. They transport, more quickly than by marine 

currents, the heat of zones benefiting from solar energy toward those that have a 

deficit. However, the speeds reached are apparently too weak to transport the excess 

solar energy produced during the hot season. 

Another, far more dynamic mechanism begins to act locally to dissipate this excess 

energy: the tropical cyclone. Cyclones interfere in a very complex manner with Hadley 

cells. Because Hadley cells and tropical cyclones occur in the same geographical zones 

and are complementary, there is presumably a tie that unites them. 

But how does a horizontal torus cell turn into a vertical disturbance that first generates 

a tropical depression, which will be likely to evolve to a tropical storm, and then 

possibly to a tropical cyclone? Presumably, the seeds of a tropical depression are to be 

looked for in failed or disorganized Hadley cells. 

Many theories have been put forward to explain the bands of cumulus clouds spiraling 

around the eyewall. For lack of fuller knowledge, we will assume here that convective 

cells are wrapped around the eyewall and rotate due to the cyclonic motion. 

Nature, which is not obliged to follow all our reasoning, hasn’t finished surprising us! 

The manner in which tropical cyclones develop remains a complicated physics 

problem because it is difficult to observe in detail and measure the phenomena. To the 

long list of scientific concepts involved in understanding the tropical cyclones - fluid 

dynamics, rotating flow dynamics, convection, air-sea interaction, etc. - we can add 

chaos theory and non-equilibrium thermodynamics because nature has pushed a 

meteorological system very far from equilibrium. 

Fortunately, we are well informed about the structure and the mechanisms of action of 

a tropical cyclone. The numerous studies carried out by climate specialists, which 

cannot all be mentioned in the references, also provide valuable help. 

In dynamical systems, nonlinear effects can amplify a small fluctuation over time. A 

small random perturbation increases considerably and makes forecasting hazardous or 

impossible. In meteorology, this dependence on initial conditions, the signature of 

chaos, was brought to light by Henri Poincaré (1908) and Edward Lorenz (1962). 
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5.1. Conditions for tropical cyclone formation 

Tropical cyclones form in the tropics close to the ITCZ during the hot season if the 

following conditions are assembled: 

 a zone of hot water at a temperature above 26 degrees Celsius down to a depth 

of a few tens of meters, which is a reservoir of heat energy, 

 high humidity in the hot air, 

 an absence of wind or homogeneous high-altitude winds (without wind shear), 

Tropical cyclones do not systematically form given these conditions, but these 

conditions are necessary for a tropical cyclone to form. 

 

5.2. Formation of a tropical cyclone [18,19,20,21] 

Tropical cyclones form over oceans from which they derive the energy and matter 

required for their creation and maintenance because they need a huge amount of water 

in order to form. 

A tropical depression (Figure 11) is a disturbance localized with a low-pressure 

center. The average speed of the average winds sustained for one minute is less than 

62 km/h. The evolution of a tropical depression is unpredictable. 

The depression makes the winds converge; they warm up in contact with the surface 

of the ocean and rise into the atmosphere. This hot and humid updraft causes the 

formation of a high-altitude cloud mass. 

A tropical storm is a more violent phenomenon characterized by faster winds. Its 

diameter can reach several hundred kilometers. Masses of hot air with a high degree 

of moisture cause clouds to form in the upper atmosphere, creating a situation 

favorable to heavy rainfall and the development of thunderstorms. 

By tilting the trajectories of air masses joining the depression area, the Coriolis effect 

turns them into a massive whirlpool. The vortex created by this rotation generates 

high wind speeds (Figure 12). 

What was initially a tropical storm can become, in late summer under the burning sun, a 

tropical cyclone. The system goes through a bifurcation, then presumably a chaotic 

zone before stabilizing in another very different and much more orderly configuration: 

the eye of the tropical cyclone, the eyewall and the spiral bands of convective clouds. 

The Saffir-Simpson scale classifies tropical events according to the wind speed: this 

scale can be used as a Control Parameter. 

- Tropical storm: the tropical depression has formed and has grown stronger. 

Winds range from 63 to 116 km/h. 

- Category 1-2-3-4 tropical cyclones: the wind increases from 117 to 249 km/h 

depending on the category. 

- Category 5 tropical cyclone: winds exceed 249 km/h. 
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V wind < 62 km/h 63 km/h < V wind < 116 km/h 

Figure 11: Tropical depression Figure 12: Tropical storm 

 

5.3. The emergence of order: the eye and the eyewall of a tropical cyclone. 

When conditions allow the tropical storm to evolve toward a tropical cyclone, the 

center of the system appears distinctly in the form of an almost circular eye, whose 

diameter is of the order of 20 to 40 km. This area, in which there is an apparent calm, 

is devoid of clouds, which makes it possible to see it from space. 

The eye is the region where the pressure is the lowest. It is surrounded by 

cumulonimbus clouds whose summit is at an altitude of 12 to 15 km. This wall of 

clouds produces the most devastating effects: in this region winds can reach 300 km/h 

with torrential rainfall. 

Based on satellite observations, certain measures carried out by reconnaissance 

aircraft, and theoretical considerations, a tropical cyclone can be schematically 

represented as shown in figure 13. 

As soon as the tropical cyclone moves over land, it is deprived of the ocean water it 

needs to power itself. This dissipative structure weakens because it is no longer 

supplied by matter and energy. Its extinction begins. 

 

117 km/h ≤ V wind » 249 km/h  

Figure 13: Scheme of a tropical cyclone 
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5.4. Bifurcation Diagram of a tropical cyclone 

When the tropical storm is pushed beyond a critical threshold (𝐶𝑃𝑐𝑟𝑖𝑡 in figure 14), it 

bifurcates toward a self-organized state that is highly structured with a stable 

behavior: the tropical cyclone. 

An essential aspect of the non-equilibrium thermodynamics is its capacity to form 

self-organized structures. Such a degree of order emanating from the activity of 

billions of billions of molecules may seem unlikely and shows that there are still 

many mysteries that remain to be solved in nature. 

Some new structures are born far from equilibrium. The emergence of order after 

chaos phenomena is the rule rather than the exception. 

Order and disorder are mysteriously intertwined in a dissipative structure: complex 

systems can simultaneously lead to disorder with islands of order within disorder. A 

subtle order exists in the disorder of the non-linear world. 

When a tropical cyclone organizes itself, its entropy decreases (Figure 14). 

 

 

Figure 14: Creation of order during the formation of a tropical cyclone 

 

Far from equilibrium after a bifurcation, a spectacular phenomenon of spontaneous 

self-organization arises. The tropical cyclone is a complete spatial reorganization of 

the initial tropical storm, and it is the most impressive case of molecular restructuring. 

Billions upon billions of molecules move in a consistent manner and form a gigantic 

dissipative structure. 

 

5.5. Control Parameter of a tropical cyclone 

This new macroscopic structure arises in the system far from equilibrium because an 

outside constraint, measured by a control parameter, has been applied. 

In a tropical cyclone, this constraint is essentially due to the temperature gradient, but 

it is also modulated by other factors such wind shear, the latitude, the position of the 
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phenomenon in relation to the anticyclone, etc. 

The Control parameter is analogous to the Rayleigh number used by heating 

technicians which is based on temperature differences; it could also be replaced, in a 

first approximation, by the Saffir-Simpson scale which is also related, via wind speed, 

to temperature differences. However, it seems preferable to use the Control Parameter 

CP, which is likewise based on the temperature gradient, but which should take into 

account other factors mentioned earlier which also have an influence on the 

emergence and development of a tropical cyclone. 

 

5.6. Simplified thermodynamic cycle of a tropical cyclone 

A mass of fluid, in its journey within a tropical cyclone, makes a complex trip. 

However, its contact with the ocean on the one hand and with the troposphere on the 

other are two processes that are clearly distinguishable. Analysis remains incomplete 

and imperfect since each mass of fluid is subject to different conditions and paths. 

However, like a thermal solar plant (Figures 1, 16), the cycle of a mature hurricane 

can be roughly broken down into four processes (Figure 15). 

5.6.1. Isothermal process AB 

Immediately above the surface of the sea, air circulates toward the eye in the Ekman 

layer. The thickness of this layer is about 1.5 km. Air - sea exchanges are intense in 

this area and modelling is difficult. The air absorbs moisture. A fluid mass drawn into 

a tropical cyclone can be assimilated in a first approximation to a mixture of two 

gases: air and water vapor. 

Air extracts moisture by evaporation from the surface of the ocean. 

Heat energy 𝑄1 is thus transferred to the fluid in the form of latent heat of vaporization. 

The source of energy for tropical cyclones is heat transfer from the ocean, an idea first 

recognized by Riehl and Kleinschmidt [11, 22]. 

 

5.6.2. Process BC 

The updraft forms a vertical wall of clouds swirling in a spiral around the eye. The 

humid air cools as it rises, the water vapor condenses and returns to the ocean in the 

form of torrential rains. 

Latent heat is released and contributes to warming the air which therefore continues to 

rise by sucking the mixture from the lower layers and thus amplifying air - sea 

exchanges. 

During this process, some heat energy is transformed into kinetic energy of rotation. 

This phase is analogous to the one (BC) of a classic thermal power station (Figure 16). 

During the expansion BC in the turbine, some calorific energy is first transformed into 

kinetic energy of rotation before being changed into mechanical energy thanks to the 

blades. 
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 Figure 15: Cross-sectional of Figure 16: Entropic diagram 

a tropical cyclone of a solar power plant 

 

5.6.3. Isothermal process CD 

At altitudes higher than 10 km, air moves away from the center. On contact with the 

tropopause, the process becomes isothermal. The cycle releases heat 𝑄2 to the 

environment in the form of radiation into the stratosphere. 

 

5.6.4. Process DA 

Air descends along the outside of the tropical cyclone, closing the cycle. 

 

5.7. Analysis of the cycle of a tropical cyclone 

As it exchanges thermal energy with two sources at constant temperature, the "tropical 

cyclone" thermal machine is close to a classic thermal machine such as a solar thermal 

power station (Figure 1). For our purposes, it is sufficient to say that it is a heat engine 

producing work outside the system and that it reuses this work for its own purposes in 

order to grow even larger. 

Nature has created a thermodynamic system similar in many ways to a thermal plant, 

but providing mechanical energy in kinetic form. The efficiency of a tropical cyclone 

is positive because order has emerged. 

Taking:        T1=26°C=299 K   for the temperature of the oceanic hot source, 

                 T2=-65°C=208 K   for the temperature of the tropopause, 

the Carnot efficiency (3) of the "tropical cyclone" machine which is devoid of 

irreversibility (i.e. a utopian tropical cyclone) would be around 30%. 

When  one  takes  irreversibilities  of all kinds into account, the efficiency of a 

tropical  cyclone  will  obviously  be  much  lower than  the theoretical efficiency of a 
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reversible Carnot machine, as determined above, running between these two levels of 

temperature. 

In the same way as classic thermal machines, the tropical cyclone provides work to 

the outside. It uses this work when it ravages the lands that it meets or when it uses its 

own motive power over the sea to swell and to amplify its destructive capacities. 

All dissipative structures in other branches of activity act so. They seek to achieve too 

great a prosperity before collapsing. 

 

5.8. Autonomous regime of tropical cyclone 

As in Bénard cells, the tropical cyclone is endowed by nature with a servo loop which 

manages information. This regulation maintains order in the tropical cyclone and is 

responsible for the local decrease in entropy. 

A tropical cyclone is able to provide motive power as soon as it reaches an 

autonomous velocity of rotation, like any heat engine. It is therefore likely that there 

will be a time lag between the moment at which the eye appears and the moment 

when the phenomenon becomes a category 1 hurricane. It is the time required for the 

tropical cyclone, which has been accelerating since its birth, to reach the moment 

when it becomes a real engine. 

 

6. CONCLUSION 

Order and disorder are intimately intertwined in our macroscopic world. 

Experts in thermodynamics have been declaring for about two centuries that 

irreversible phenomena of all sorts lead to a growth of disorder. More recently, 

theoreticians of chaos showed that dissipative systems subjected to too great a 

disequilibrium can self-organize in a spectacular manner. Some order then emerges 

locally but disorder obviously increases elsewhere so that the laws of thermodynamics 

are not violated. 

Irreversible phenomena are therefore not limited solely to an increase in disorder. 

Quite the opposite: they participate actively in the formation of self-organized 

structures. Irreversibility leads both to disorder and to order. 

 When a tropical storm subjected to excessive constraints in temperature reaches 

a bifurcation point, order then appears in the form of the eye of a tropical cyclone 

and its eyewall. This system becomes a gigantic and mobile solar thermal power 

plant. 

 When a safety valve subjected to an excessive disequilibrium in pressure 

opens, the fluid is throttled by the constriction. Kinetic energy is dissipated by 

viscosity: disorder develops. Supersonic structures that should be familiar to 

aerodynamicists appear simultaneously, introducing a degree of order in the 

fluid system. 
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In these devices, so-called safety devices, order and disorder exist side by side.         

This situation leads to a conflict between these two notions, which is responsible for 

complex and spectacular but often dangerous phenomena [14, 23]. 

The formation of self-organized structures far from thermodynamic equilibrium 

hinders the necessary dissipation of energy both in tropical cyclones and in valves. By 

slowing down the return to the final equilibrium, these dissipative structures extend 

the life of calamitous systems. 

Since 1984, constructors of valves can use the principle of worst action which, by 

suppressing order in a dissipative structure, allows the fluid to quickly reach final 

equilibrium. It then becomes possible to quickly and massively dissipate the kinetic 

energy contained in the fluids. Its instrument is the kinetic energy degrader, or more 

briefly a vistemboir. It creates great disorder in the microscopic world in order to 

avoid chaos in our macroscopic world. 

Because it is possible to restore calm in the case of valves for power plants, is it 

possible to expect it also for tropical cyclone, an open sky phenomenon? 

Other chapters remain to be written on these imposing phenomena that nature creates 

over the sea, before our eyes. 
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