Foreword

This document consists of two parts, each can be read separately. Part I discusses why the thermodynamics is difficult for many to understand. Part II presents the basics of thermodynamics for atmospheric scientists.

I. Why is Thermodynamics so Difficult to Understand?

Many feel thermodynamics is difficult to understand. Why is it so? This text tries to explain why, and to help to understand this difficult subject more easily. This text itself does not make the subject any easier. It does not intend to explain the content of thermodynamics. Instead, it discuss some background issues about to understand the thermodynamics. The text essentially consists of many digressions. Probably, there is no real point to make. Best is just to read a lead sentence of every paragraph, and decide by yourself whether it is worthwhile for you to read it or not. If not, just move to a beginning of a next paagraph. That would make the reading of this text most effective. Hopefully, by reading to the end in this manner, you will find you own explanation why thermodynamics is so difficult to understand. * First of all, the notion of "to understand" is not something so easy to understand by itself. It is because understanding does not much to do with anything about logics or a like. It is rather psychological. Etymologically, to understand literally means you stand under a subject. In this manner, understanding a subject essentially means you are comfortable with it, feel happy about it, and feel like it belongs to you, etc. [For example, the word "requiem" is foreign for most us. However, there are many pieces of music written, which begin with this phrase. So we would wish to get a sense of this word. Many years ago, someone said it to me: just repeat this word seven times, or probably better still, sing this word seven times. Then you will get a sense of it.] The most cynical view would be, to take it when someone says "I do not understand" as a confession of this person "I am stupid": to understand something, you must somehow become wiser, rather than simply remaining stupid. In other words, you must learn to understand. Unfortunately, learning is not anything more obvious than understanding. Most of us do not know quite how to learn. We somehow manage to learn to learn essentially just to survive at school. For most of us, learning is just an exhausting process, something to endure. For this reason, once out of school, most of us no longer wish to learn anything new any more. What means by learning is by itself to learn professionally. For this reason, a discipline called "pedagogy" exists. If you wish to seriously learn how to learn, you have to go to a special department at university just for this purpose. Learning something new is always a new challenge, regardless of how much you have already learned. Imagine, you already speak seven languages fluently. However, it does not mean, at all, learning another language is a piece of cake for you. Every language has its own character, and its own difficulties to learn. For example, if you already know Italian, this knowledge would help you to learn Spanish, because two languages are similar. However, since both are so similar each other, it could also be very confusing. [Someone joked that an Italian should not try to learn Spanish, because it is just too difficult for the reason I just said.] Not only languages, any subject matters have their own characters, and even cultural backgrounds where they are developed. A key to learn a subject effectively is to understand its particular characters and acquainted with its cultural backgrounds. [In recent time, I find myself often engaging in a conversation on the cultural backgrounds of science (our own contemporary one) with Chinese people: though science is supposed to be universal, we cannot get away from the fact that it has grown out of the Western culture. If one does not have such a cultural background, many things in science becomes much less obvious.] * Essentially, thermodynamics is a French product, in contrast to mechanics, which is essentially an Anglo-Saxon product. To get a main point, it suffices to take a key concept of thermodynamics: "equilibrium". In French, it just means "balance". When you say "balance" in English, we simply say "equilibrium" in French. There is no other word for "balance" in French apart from "equilibrium". When the thermodynamics was exported from France to England in the 18-th century, they somehow decided also to export this French word "equilibrium" into English. [Supporting documents are found in my review on quasi-equilibrium with Bob Plant (2012, Rev Geophysics)] Thermodynamics is very abstract, elegant. It has warm, not only because subject matters deal with, but in style it deals with subjects. At the same time, it is rather ambiguous, even obscure in some points with a slight flavour of mysticism. [Just take the word "equilibrium": don't we take this word somehow mysterious, more so than when we just call it "balance"?] All that is just a reflection of general characters of French culture. In contrast, mechanics is solid, pragmatic (i.e., operational). At the same time, we feel it is also rather dry, cold. Again, just as a reflection of basic characters of English culture.

*

Here is a major digression. However, I have to explain the notion behind "pragmatic" bit carefully, because this notion is more than often taken synonymous to "practical", that is totally wrong. Pragmatism is an approach of philosophy to deal with the truth. Of course, such a thing is hardly practical. To be practical, best not to talk an abstract thing such as truth. The basic idea of pragmatism is to understand the truth (or in fact, our whole world) in terms of actions and its effects.

For example, imagine you throw a ball. That is an action. The ball will hit something, say, a wall. That is an effect that follows. Pragmatism argues that we should understand the truth about this ball in terms of these action-effect relations. In fact, that is exactly what the mechanics does. When you throw a ball, you put a certain acceleration to a velocity of the ball. Mechanics enables you to calculate a resulting trajectory of the ball by your action. By calculating the trajectory, we will know where the ball will hit. It is all clear, because mechanics deal with all those solid matters: balls, your body, etc.

On the other hand, subjects matters of thermodynamics are less tangible. Just take temperature. Of course, all we know what temperature is: when it is hot, temperature is high, and when it is cold, temperature is low. We can also measure temperature by a thermometer. A modern digitalized thermometer will immediately tell you a value of temperature as a number. Though all clear to that extent, also all abstract: temperature is nothing quite tangible for us. We cannot see it, hear is, nor smell it. We cannot grab temperature in the same way as we can grab a ball. In short, though we talk about Shall I list some pertinent points of thermodynamic here? Probably, that is not a real issue for most of us. All those, feeling like not understanding thermodynamics, must be intelligent enough to make such a list by themselves. Otherwise, we would not even dare to learn it. We just have to understand the basic characters of thermodynamics: what it is, and what it is not. As I just said, thermodynamics does not quite explain what temperature, heat, etc are. It does not intend it. So let's not try to understand them either. We just assume, we already know them, in the same sense as what a ball is (or time).

Thermodynamics traditionally presents everything rather in a pretentious manner, but that is just a part of French culture. Everyone in France talks in that manner in one way or another. This is just a matter of style. Though it gives us an impression there is something profound behind, that is just a part of the style. * Since the thermodynamics is so abstract (or more precisely, phenomenological) that standard textbooks usually combine the thermodynamics and the statistical mechanics together. The latter is an attempt to explain thermodynamics from processes at a level of molecules, typically taking an example of the ideal gas. Strangely, most of us feel like bunch of gas molecules going round within a box is something more tangible than temperature, heat, etc. However, this is rather misleading: most of textbooks talks of gas molecules as something like small balls. That gives an easy idea what these are, but we realize that it is very misleading once you finish an introduction of quantum mechanics. Real behaviour of gas molecules is something much less intuitive than simple small balls. Textbook explanations are just cheating.

We must also be cautious with an illusion of understanding by a reductionism: it says that we understood something, when something is reduced to something more elementary. Here, a reduction of macroscopic concepts of thermodynamics to a level of microscopy.

For example, there are derivations showing how the quantities at molecular level (such as a mean kinetic energy) are related to the temperature. After those long derivations, we feel a satisfaction of understanding temperature finally. However, if we look at what we got in that way bit more carefully, we have to realize that these relations do not explain at all what the temperature is: they merely show how the temperature is related to the microscopic statistics.

It is my strong personal opinion that we should try to understand the thermodynamics in a stand-alone manner, from its own phenomenological perspectives. As I have argued in the beginning, understanding is something more intimate between us and subjects. We should not replace real understanding by a reduction of a subject (i.e., thermodynamics) to a different subject (i.e., statistical mechanics). Said it differently, having a derivation is not the same as understanding something. * Finally, a certain confusion at a level of using thermodynamics in atmospheric science.

We introduce various new variables such as potential temperature, etc. Definitions of variables are essentially doubled in atmospheric thermodynamics. Some time ago, Ed Spiegel (I assume most of you know who it is) told me, in a conversation over a lunch, his speculation that meteorologists are so ignorant with thermodynamics that they reinvented everything with their own vocabularies. We seriously feel like it. A historical truth is that all these special thermodynamic variables used in atmospheric science are introduced by Helmholtz as a part of his efforts of making meteorology a brunch of physics.

However, the point remains the same that there is confusion. My own recommendation is to focus on the standard thermodynamics until you feel comfortable with it, before you move to learn many exotic atmospheric variables. When you move to this phase, make sure to understand how these exotic variables are related to more standard variables in the standard thermodynamics. This would rather be a tedious effort, but unfortunately, we need to master two different languages due to those two different traditions. This is just a particular example of a general rule that we have to learn a new language to talk with a new people. Unfortunately, we still live under a peril of Babel. If everyone is Anglo Saxon, both the life and science could be much easier. However, that is not reality, and probably also more boring.

* Blaise Pascal: Pensées

Contrast between l'esprit de géométrie and l'esprit de finesse talked by Blaise Pascale in his Penséees may further help to understand our difficulties with thermodynamics, because thermodynamics is so French, and l'esprit de finesse is an essence of such French spirit.

We are so used to think geometrically, especially being trained as physicists, we feel more comfortable when everything is reduced to something geometrical. Mechanics is much easier for us to understand because everything more or less reduces to matters of movements of points. We also need definitions, and we want to begin from there. That is also a part of l'esprit de géométrie.

On the other hand, l'esprit de finesse begins from what we see, what we feel: when we touch something, we feel warm or cold depending on the temperature of this object.

That is what temperature is in thermodynamics. We see that inside a kettle, water boils when you put it on top of a hot stove, because the stove heat the water inside the kettle: in this manner, we learn about heat transfer. L'esprit de finesse is to observe our world in this manner as it is, without trying to reduce them into something else. And that is exactly the way the theromodynamics is constructed.

*

Aristotle's Metaphysics:

Aristotle's Metaphysics is a great book to read, because it tries to set up our long endeavor to understand the world and the universe in terms of movements: under this mechanical point of view, everything in the universe is reduced into the matters of movement.

In retrospect, Aristotle made many mistakes in his own treatment of physics, mechanics: major efforts of Galileo to Newton were to correct all his mistakes to establish a more solid basis for the modern physics, notably mechanics. However, we should clearly recognize a pioneering role of Aristotle in defining a clear path towards this direction. Work of Galileo and Newton were not performed in opposition to Aristotle, but rather by following the path originally laid done by Aristotle.

The influence on us of this perspective to understand the universe in terms of movements of many basic particles (or even including stars) very extensive: everyone who studies physics is brain washed with this idea at an early stage of a study: this naturally happens because the mechanics is considered (and rightly, in my personal opinion) to be the most basic subject of the physics. However, when we try to study thermodynamics afterwards, we get into troubles: this subject introduces many rather obscure quantities: internal energy, entropy, enthalpy, etc, all those nothing to do with movements, at least, no in any obvious manner. Since we are so heavily brain washed to think in terms of movements, we are just in loss in learning this new subject. Many writers of textbooks, who are also brain washed by a mechanical view of the world, take this difficulty to be legitimate. For this reason, many textbooks deal the thermodynamics in combination with the statistical mechanics: the latter tries to explain the various concepts in terms of the movements of molecular and atomic particles. It is even not unusual to find a statement In preface of those textbooks that various thermodynamics become clear only after considering them in context of statistical mechanics. However, such a pedagogical arrangement just keeps aggravating our prejudice that everything in the world must ultimately be understood in terms of movements of particles. In this manner, we just miss a chance to learn a way to think about our physical world from a different perspective: that of the thermodynamics.

As a side remark, in practice, for most of us, studying statistical mechanics does not help us to understand the thermodynamics any better, because the statistical mechanics is equally an abstract subject: only relief is the fact that subject talks about movements of particles. However, since it deals with so many particles simultaneously, and for this reason, it never solves Newton's equations, we are again rather in loss. It just leaves us a psychological comfort that mysterious thermodynamics is finally explained in terms of movements, but without any concrete real understanding.

*

Geometry and Therodynamics:

Compared to the mechanics, the spirit of the thermodynamics is much closer to the geometry. This may sound contradictory to what I said in discussing Pascal's Pensées, but actually not.

Thermodynamics is constructed by taking Euclid geometry as a model. More precisely, it follows an axiom system by following the model of Euclid geometry. By following those basic axioms (laws), everything else is derived in thermodynamics based on a deduction. The deduction in thermodynamics also follows the model of Euclid geometry rather than that of the mechanics: it is more like a proof of geometry.

Realize that we do not solve differential equations quite, not like in mechanics. Everything is in fact, written in a variational form rather than in differential form. Most importantly, there is no concept of time in thermodynamics: there is no time-dependent problem to be solved, unlike in the mechanics. We do talk about steps (or processes), for example, in Carnot cycle: we transform a certain state to another by adding heat, compressing a box, etc. However, we never specify how long it takes to complete this transformation. Those transformations are much more akin to the steps taken in a proof of a theorem in Euclid geometry, rather than solving a time-dependent problem in mechanics.

Like in Euclid geometry, basic concepts are never defined. Those are points, lines, etc. in Euclid geometry, and temperature, heat, etc. in thermodynamics. However, as I remarked already, there are problems with those concepts, temperature, heat etc. In spite of our familiarity with them in our daily life, they somehow lack with the tangibility, unlike points, lines, etc. in geometry: we can draw points and lines on paper, but how can we draw temperature and heat on paper? Immanuel Kant hypothesized that those geometrical concepts, points, lines, etc., are our a priori concepts already built in our own rational mind. We develop our logic up on those a priori concepts. However, Kant, probably rightly, did not in include temperature and heat as a priori concepts. That is a main difficulty of the thermodynamics: we have to build our logic up on something that are not of our own a priori concepts: starting from something not tangible for us, whatever developed as a formal logic also lacks tangibility: though we can follow all those stepwise logic, everything that follows somehow falls out from a grasp of our hand.

In other words, although the thermodynamics is constructed in analogy of the ge-ometry, its actual spirit is hardly that of geometry. That is where we have to return to l'esprit de finesse of Pascal: sharpen our sensibility and feeling to grasp abstract concepts of temperature, heat, etc. That is not anything fundamentally difficult: we just need to think, feel, and approach the matters differently than a manner that we are used to.

II. Basics of Thermodynamics

Introduction

In Atmospheric modelling, along with dynamic variables such as velocity, we also need to know extra various variables such as temperature, density, humidity. Thermodynamics is a discipline that provides descriptions for those variables.

The purpose of this short document is to describe basics of thermodynamics in succinct manner. I assume that you have already studied thermodynamics at school, but you feel like you don't understand it well. I'm going to provide a short description of what the thermodynamics is.

The focus of description is rather limited. I try to present all the basics of thermodynamics that will be required for applying it to atmospheric science. Thus, more advanced subjects in thermodynamics are omitted. At the same time, there are various special issues of thermodynamics, that are usually not discussed in standard textbooks, but considered something standard in atmospheric science. The latter are also totally omitted. Another short document will be required for discussing it separately.

Preliminaries

The goal of the thermodynamics is to define a thermodynamics state of a given system.

Here, a thermodynamics state is characterized by four variables: the temperature, T , the entropy, S, the pressure, p, and the volume, V . However, these state variables are highly redundant. We just need to choose two of those four. The other two can be evaluated by those two already specified. Usually, there is a known relationship between T , p, and V for a given system (essentially defined by a material of the system). This is called the state law. Symbolically, we can write, for example, as T = T (p, v). The state law for the ideal gas (to which the atmosphere is a good approximation) is given by P V = M RT , where M is the total mass of a system, R is a gas constant (depending on a type of gas). The entropy, S, can also be evaluated by given these two in a similar manner.

There are some special flavours in the descriptions of the standard thermodynamics.

We usually pre-suppose that a system consists of a container exposed to an outside world in a certain manner. Possible standard choices are either to keep the temperature the same as the outside world (so that there is certain heat exchange) or insulate from the outside so that heat exchange with the outside world is prohibited (so that the entropy of the system is maintained). Another possible pair of choices are either to keep the pressure the same as outside (by adjusting its volume) or keep the volume constant (so that the pressure inside the container would not be necessarily the same as outside). As it turns out, those state variables that constrain a state of the system also become convenient variables for describing this system (on this more later).

However, the atmosphere is completely open. Thus, the notion of container adopted in the standard thermodynamics does not quite apply to the atmosphere. As an adaptation, we imagine a small volume of atmospheric air as if like a container. Of course, it is no longer a real container at all. We just pick up a certain volume and apply the standard thermodynamic principles. A volume essentially can be defined in two manners: either by fixing the volume or the pressure. Those choices correspond to the cases of describing a system in terms of variables defined per volume or per mass, respectively. Finally, the volume is taken small enough so that it can be considered a single point from a macroscopic point of view, thus a point-by-point description of thermodynamics is achived.

Another odd aspect of the standard thermodynamics is that there is no notion of time in it. It only considers a change of a variable, say, temperature, over an unspecific time interval, and write it just as dT or ∆T . On the other hand, in atmospheric science, we are most of time interested with a rate of change of variable with time, i.e., dT /dt. Here, the time derivative must be taken along a movement of a fluid particle. In other words, it is a Lagrangian time derivative. In the following, a change of a thermodynamic variable is expressed by taking the first notation throughout the text. If a reader prefers, it can always be re-interpreted as a time derivative. A minor trouble with convention is an amount of heat added, which will be presented as dQ by following a standard thermodynamic convention. On the other hand, in atmospheric science, the heating rate is usually written as Q rather than dQ/dt.

Conservation of Energy

In the thermodynamic systems, the total energy is conserved. It corresponds to the first law of thermodynamics. The energy conservation is most conveniently defined in terms of the internal energy, U . Its change, dU , is namely controlled by two processes: amount of heat, dQ, added to the system and amoun of work, dW , performed by the system. They contribute to increase and decrease of the internal energy, thus:

dU = dQ -dW (1) 
In most of time (but not always), the work is perform by pressure, p, to change a volume by dV , thus

dW = p dV (2)

Entropy

One of the most mysterious quantities in thermodynamics is the entropy, S. Many textbooks simply fail to explain what it is in lucid manner. Many textbooks just give up an effort of explaining its phenomenological meaning (that is simpler and easier to understand in my personal opinion), but replace is by an interpretation from a statistical mechanics, which suggests that the entropy is a measure of disorganization of a system.

In my personal opinion, this popular conception of entropy has led to various misunderstandings. Most importantly, a high entropy state is not at all more disorganized than a low entropy state in any intuitive manner: how much you may mess up your room, the entropy (as defined in thermodynamics sense I talk here) does not change at all. In statistical mechanics, the entropy can be expressed as a certain statistical measure of a state at a molecular scale. If you examine this derivation carefully, simply call it a measure of disorganization involves quite bit of interpretations (rather subjective ones) behind, and they are much debatable.

A real historical origin of the concept of entropy stems from a long history of trying to interpret the heat as an internal state of a thermodynamic system, as one of state variables. Naively, if you add heat to a certain body, this body contains more heat (say, heat content). If you cools it, it loses heat (reduction of heat content). However, this leads to an obvious contradiction, because we run a heat engine by heating a lot, and cooling less. The difference of heating amount comes out as a work performed by the engine, by following the conservation of energy (Eq. 1). However, by repeating this cycle many times, the heat engine body must contain more and more heat content, because we are heating it more than cooling it. Of course, such an argument does not make any sense, because we do not see anything like the body gradually heating up with time.

In this manner, we have to conclude that heat itself does not define a state of a system. When we heat and cool a system (or a body), a quantity that changes associated with these processes is the entropy. When you add heat by dQ, the entropy changes by amount:

dS = dQ/T Convsersely, dQ = T dS (3) 
In other words, by heating a body, what changes is not anything like heat content, but a quantity called entropy, which changes by following a law described by Eq. (3). In short, heat Q is not a state variable (in other words, we must always write it in variational form, dQ), but the entropy S is.

Under a simple heat engine, we may add heat by ∆Q 1 at termperature, T 1 , and cools it by ∆Q 2 at temperature, T 2 . Here, ∆Q 1 > ∆Q 2 and T 1 > T 2 . This cycle is perfectly

repeatable if ∆Q 1 T 1 - ∆Q 2 T 2 = 0
sciences. Most parts of the atmosphere that we study are under thermodynamic equilibrium so we do not have to worry about a process of getting to an equilibrium.

Being said those, application of the concept of equilibrium in atmospheric science is slightly more subtle. To see this point, we have to consider slightly more carefully what an equilibrium is in thermodynamics: usually, a closed box is considered, and ask a question of what an equilibrium state of this box is, under a given condition. Consider a simple example: a box is first split into two parts with temperatures, T 1 and T 2 , initially by putting an insulating wall at a middle: imagine, when this wall is taken out, what a final state would be? The box ends up with a state of homogeneous temperature: at an equilibrium state, temperature of any given system (like a box) must be homogeneous.

However, the temperature of our atmosphere is never homogeneous, probably, not in any approximations. How can we treat the atmosphere still as an equilibrium state?: It is important to realize that the atmospheric system, as a whole, is far from a thermodynamic equilibrium. That is a short reason why there are movements in the atmosphere. Then how the concept of the thermodynamic equilibrium is still useful?

Here, instead of taking it as a whole atmosphere, we have to take a thermodynamic box as small as possible into a single macroscopic point, say, a mass of air at your finger tip. At this scale, the atmosphere is at a thermodynamic equilibrium at an extremely good approximation: even at your finger tip, a number of molecules there is extremely large, making a volume large enough to talk about thermodynamics. This leads to a concept of local equilibrium: though the atmosphere is not globally in equilibrium, locally in equilibrium at every point. This statement is consistent with our daily experience that we can define temperature in a sensible manner in the atmosphere.

If you wish to be strict, you can make your own exercise to reduce a thermodynamic box into a single point, but imagining with another boxes to the sides: you can consider that the atmosphere consists of many thermodynamic boxes locally in equilibrium. Taking a limit of those boxes into points, you can recover a standard description of the thermodynamics in atmospheric sciences.

Additional Remarks

These are more or less all we have to know about the basics of thermodynamics for applying it to atmospheric science. In atmospheric applications, we will need to some additional special considerations, but for that we can consult standard textbooks from atmospheric sciit ence.

However, there are still few knowledge gaps between the standard thermodynamics and atmospheric applications, which are often not well explained from either side.

One is a contribution of the gravity potential energy to the system. In the standard thermodynamics, with its applications mostly to physical experiments within a room, where a contribution of gravity has no importance, this issue is only rarely remarked. In atmospheric applications, air particles move over a substantial distance vertically, thus the contribution of gravity is no longer negligible. As a modification, in all the definitions of thermodynamic potentials, a contribution of the gravity potential (or geopotential), φ, must be added. Same wise, in all differential formulas, a contribution of a change of gravity potential, dφ, must be added. Especially, a version of enthalpy that includes a contribution of gravity potential is called the static energy in atmospheric science.

Another, but a more basic matter is a meaning of the so-called heat equation, or a thermodynamics equation, that describes evolution of temperature. As I already emphasized, heat is not a state variable, thus the notion of the heat budget is just a misnomer. It actually constitutes the entropy conservation law, give by Eq. ( 3) in a variational form translated into a defferential form so that

dS dt = Q T (7)
in standard atmospheric notations. Once this basic point is understood, you can write down the so-called heat equation by yourself in as general form as you wish without referring to any textbooks. Lastly, I omit any discussions on the phase transition, because this subject would be considered either advanced or more specific to atmosheric science.
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Because no change in entropy realizes by this cycle.

Thermodynamic Relations and Potentials

By substituting (2) and ( 3) into (1), we obtain the most basic thermodynamic relationship:

Eq. ( 4) can be considered a definition of the internal energy, U , in differential form. We also notice that from this definition, the internal enevery is most naturally described as a function of entropy, S, and the volume, V , of a system, i.e.,

When a system is constrained by entropy (being insulated from the outside) and volume (the volume of a container is fixed), then the intenal energy becomes a conventional potential energy to describe this system.

However, as already discussed, this is not a unique manner for constraining a system. We can constrain a system by different combinations from S, T , p, and V . It also follows that it would be convenient to use a different definition of potential that is more naturally described by given constraining variables.

These alternative potentials are generated mathematically by using the so-caled Lagrange tranforms as:

As a result of those transformations, we find the following relations:

Concept of Equilibrium

Standard textbooks on thermodynamics spend many pages on discussing about what an equilibrium state is under a given setting. After those long discussions, books arrive at various basic formulas that I listed above. Probably, we can forget about those long discussions, and just take those formulas to be granted, when we use them in atmospheric