Climate Thermodynamics

Claes Johnson

1 Global Climate by Navier-Stokes Equations

Thermodynamics is a funny subject. The first time you go ulgio

it, you dont understand it at all. The second time you go thhoit,
you think you understand it, except for one or two small pifthe
third time you go through it, you know you don’t understanditt
by that time you are so used to it, it doesn’t bother you anyemor
(Physicist Arnold Sommerfeld (1868-1951))

Global climate results from a thermodynamic interactiotween the
atmosphere and the ocean with radiative forcing from the, Suawita-
tional forcing from the Earth (and the Moon) and dynamic Glisiforcing
from the rotation of the Earth. The thermodynamics is desdtiby the
Navier-Sokes equations (NSE) of fluid dynamics, for a variable density
incompressible ocean and compressible atmosphere, ekpre®nserva-
tion of mass, momentum and energy.

The atmosphere transports heat energy absorbed by thedtiafitice
from the Sun to a top of the atmosphere TOA from where it isatadi
to outer space, and thus acts as an air conditioner or hegteci®j keep-
ing the surface temperature constant under radiativerfgftom the Sun.
A basic question in climate science is the stability of thiscanditioner
under varying forcing, more specifically the change of acef tempera-
ture under doubled concentration of atmosphéti@, (from 0.028% to
0.056%) , referred to aslimate sensitivity.

The heat is transported by the atmosphere in a combinatithreaho-
dynamics (turbulent convection and phase change in evapofeondensation)
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Figure 1: Thermodynamics of the atmosphere (NASA UARS Rthje

and radiation, roughly 2/3 by thermodynamics and 1/3 byatah. The

thermodynamics involves positive radiative forcing bakh by evapo-
ration at low latitudes/altitudes from a warm ocean causviagm air to

rise-expand-cool including poleward motion followed bygagve radia-
tive forcing balanced by condensation at high latitudésiales causing
cool air to descend-contract-warm closing a thermodynawyite, as in-
dicated in Fig. 1, during polar winter.



2 Thelllusory Greenhouse Effect

The main message to the World and its leaders from the 200€ FR{@rth
Assessment Report (AR4) is a prediction of an alarming démsansitivity
in the rangel.5 — 4.5 C, with a “best estimate” of3 C, as a result of a
so-calledgreenhouse effect.

The physics of this effect is claimed to have been identidied scien-
tifically described by Fourier[3] (1824), Tyndall[11] (6&) and Arrhenius[1]
(1896). An inspection of these sources shows a very sinphstlimen-
tary analysis with a only a simple model for radiation and nermody-
namics, which is the origin of the message of this articlee Wrathemat-
ics of the Fourier-Tyndall-Arrhenius greenhouse effedtéad, and never
was alive, although that the message by IPPC is that it hasrege/ed in
a modern version attributed to Manabe and Strickler [8] dgaten with
"convective adjustment”.

To confuse the discussion, the “greenhouse effect” icdbsd with
a misleading double-meaning: It is both the combined tdfalkce of the
atmosphere on the Earth surface temperature includingrbdtation and
thermodynamics, and at the same time a hypothetical radiaffect of
“‘greenhouse gases” includingO, without thermodynamics. In this way
the “greenhouse effect” becomes real, because it is tted &ffect of the
atmopshere and the atmosphere undeniably has an effe@fraosphere
effect”, while at the same time it can be linked@, apparently acting
like a powerful “greenhouse gas” capable of global wargiirpon a very
small increase 0f.028%.

The simplest version of the “greenhouse effect” is ddsed by Stefan-
Boltzmann’s Law@ = o7 (SBL), which in differented form

dQ = odT3dT = 4%@ ~ 4dT

with Q ~ 280 W/m? andT =~ 288 K, gives a climate sensitivty of about
1 C by attributing a certain fictitious additional “radiatvforcing” d@Q =
4W/m? to doubledCO,.

Since the total radiative forcing from the Sun is not assutoethange,
the additional radiative forcing is supposed to result frarghift of the



“characteristic emission level/altitude” to a highewvtd at lower temper-
ature caused by less radiation escaping to space from l@welsl by in-
creasing absorption bg'O-. In this argument the outgoing radiation is
connected to lapserate (decrease of temperature with increasing altitude)
supposedly being determined by thermodynamics. With Idtgbarac-
teristic emission temperature” at higher altitude the lehtemperature
profile will have to shifted upwards thus causing warminglo@ground.

This is the starting point of the climate alarmism propaddug IPCC,

a basic climate sensitivity of C', which then is boosted t8 C' by vari-
ous so-called (positive) “feed-backs”. The basic arguitis that since
Stefan-Botzmann'’s Law cannot be disputed as such, and $e€dy has
certain properties of absorption/emission of radiatiagh¢), which can be
tested in a laboratory, the starting valuel@f is an “undeniable physical
fact which cannot be disputed”. Even skeptics like Lindzen Spencer
accept it, and if skeptics believe something, then it mudties right?

But wait! Science does not work that way, science only obagssf
and logical mathematical arguments, the essence of thatisifie method,
and let us now check if the basic postulate of a “greenhotfeet® with
basic climate sensitivity of C' can qualify as science. And climate politics
without live climate science is dead politics.

3 Mathematical Climate Simulation

The language and methodology of science, in particularatirscience, is
mathematics: Physical laws are expressed as differenigteons of the
principal formD(u) = F, whereF representsorcing, u represents the
corresspondingystem state coupled tof’ through a differential operator
D(u) acting onu. With given forcingF', the corresponding statecan
be determined by solving the differential equatibfu) = F. This is
the essence of the scientific method. Note that the diftfekaquation
D(u) = F usually describes a cause-effect relation in the sensdftbat
system state responds to a known given forcirfgin a (stableforward
problem. This corresponds to putting the horse in front of the wagon,
and not the other way around which is referred to as an (uletaverse



problem with the state: given andF’ the forcing being sought.
Consider now the following approaches to modelling and &tmg
global climate:

e (A) Thermodynamics with radiative forcing (NSE with SBL éor
ing).

e (B) Radiationd@ ~ 4dT as differentiated form of (SBL).

e (C) Radiationd@ ~ 4dT combined with thermodynamic lapse rate.

e (D) Radiationd@ ~ 4dT combined with thermodynamic lapse rate
and feed-back.

Here (A) is the (stable) forward problem described in thst feection and
studied below. (B) is self-referential without thermodygmies. (C-D) rep-
resents the IPCC approach as an (unstable) inverse prolfleadiation
with thermodynamic forcing with potentially large posgifeed-backs and
high climate sensitivity, with (C) connecting to [8] withsid hoc "con-
vective adjustment” lacking scientific rationale.

Altogether, (A) opens to a rational scientific approach asahle for-
ward problem, whereas the (C-D) of IPPC represents an uastakerse
problem of questionable value.

In its popular form the basic IPCC climate sensitivitylaf' is claimed
to come from a “greenhouse gas” ability 6tO, to “trap heat”, which
is supposed to convince the uneducated. In its more elabtran in-
tended for the educated, it is connected to a thermodynamselrate and
characteristic emission level, in order to account for deatbf additional
radiative forcing without change of total radiative forgirBoth forms are
severely simplistic and cannot count as science.

To follow (A) we must rid ourselves from the common miscorteap
of thermodynamics expressed in the quote above by Sommigttialk it is
beyond comprehension for mortals, in particular its 2nd LaWis is the
reason why climate scientists have focussed on radiatin as some-
thing understandable, backing away from thermodynamicoasething
nobody can grasp. But it is possible to give thermodynamicsthe 2nd
Law a fully understandable meaning as | show in [4, 5] andIt&edow.



This insight opens to a rational approach to climate dynapais (A) ther-
modynamics with radiative forcing.

4 LapseRate and Global Warming/Cooling

A theory is the more impressive the greater the simplicityitef
premises, the more different kinds of things it relates wd the
more extended its area of applicability. This was therefbeedeep
impression that classical thermodynamics made upon me. thiei
only physical theory of universal content which | am coneidavill

never be overthrown, within the framework of applicabild its

basic concepts. (Einstein)

The effective blackbody temperature of the Earth with ajphese is
—18 C, which can be allocated to a TOA at an altitudebdfm at a lapse
rate of6.5 C'//km connecting TOA to an Earth surfaceldtC' with a total
warming of5 x 6.5 = 33 C. The lapse rate determines the surface tem-
perature since the TOA temperature is determined to balamasically
constant insolation. What is then the main factor detemgjrthe lapse
rate? Is it radiation or thermodynamics, or both?

Climate alarmism as advocated by IPCC is based on the assumpt
that radiation alone sets an initial lapse ratel@t”/km, which then in
reality is moderated by thermodynamics to an obsefdd’/km. Dou-
bled CO, would then increase the initial lapse rate and with furthesip
tive thermodynamic feedback it is by IPCC predicted to remthlarming
climate sensitivity or global warming &fC. Climate alarmism skeptics
like Richard Lindzen and Roy Spencer buy the argument of tal irate
of 10 C'/km determined by radiation, but suggest that negative theymod
namic feedback effectively reduces climate sensitivits tarmles$.5 C.

We will argue that an initial lapse rate gf= 9.81 C//km is instead
determined by thermodynamics (and not by radiation) as aililegum
state without heat transfer, which then in reality by thedymamic heat
transfer (turbulent convection/phase change) is decdgashe observed
6.5 C'/km, with the heat transfer balancing the radiative heat fgrcore
CO-, would then require more heat transfer by thermodynamicdfaunsl



Figure 2: The atmosphere maintains a constant surface tatnpeunder
increasing radiative heat forcing by increasing vapoigweand turbulent
convection, like a boiling pot of water on a stove.

to a further decrease of the lapse rate rather than an ircréag atmop-
shere would then act like a boiling pot of water which underéased
heating would boil more vigorously but not get any warmer.

In short: If thermodynamics is the main mechanism of the aphere
as an air conditioner or heat transporter, th&n, will not cause warming,
and IPCC climate alarmism collapses.

We thus identify a basic difference between atmospherit theas-
port by radiation (similar to conduction) and by thermodyries of con-
vection/phase change. In radiation/conduction incredsed transport
couples to increased lapse rate (warming). In convecti@sp change
increased heat transport couples to decreased lapseaatm ).



5 Euler Equationsfor the Atmosphere

Every mathematician knows it is impossible to understanelan
mentary course in thermodynamics. (Mathematician V. Aghol

The viscosity of both water and air is small, while the spatimen-
sions of the ocean and atmopshere are large, which mearisetiReynolds
numberRe = % is very large & 10%), whereU > 1m/s is a typical
velocity, L > 102 m a length scale and < 10~° a viscosity. Global
climate thus results from turbulent flow at very large Regsmumbers
effectively in the form of turbulent solutions of tHeuler equations as
described in [4].

We focus now on the atmosphere and as a model we considerligre Eu
equations for a compressible prefect gas occupying a volumepresent-
ing e.g. the troposphere, here for simplicity without Cbsidorce from
rotation: Find(p,u,T) with p density,u velocity andT" temperature de-
pending onz andt > 0, such that forr € Q andt > 0:

Dyp+pV-u=0,
Dym+mV -u+ Vp+ gpes =0, (1)
D, T+ RTV -u=q,

wherem = pu is momentump = RpT is pressureR = ¢, — ¢, with

¢y andc, specific heats under constant volume and pressureDaad=
v+u- Vo is the material time derivative with respect to the veloaityith

v = ‘9” the partial derivative with respect to timee; = (0,0, 1) is the
upward directiong gravitational acceleration angdis a heat source. For
airc, =1 and”’ = 1.4. The Euler equations are complemented by initial
values forp, m andT att = 0, and the boundary condition- n = 0 on
the boundary of2 wheren is normal to the boundary.

We assume that the heat soug@ds heat energy at lower latitudes/altitudes
and subtracts heat at higher latitudes/altitudes (ramfiati outer space) in-
cluding evaporation (subtraction of heat) at low altituded condensation
(addition of heat) at higher altitudes.

We thus consider the full 3D (three-dimensional) Eulerfiderstokes
equations without any simplification of the vertical flowia 2D geostrophic



flow or in hydrostatic approximation of vertical momentumldnce, as a
required feature of the next generation of climate moddd$ fibt present
in the current generation [2]. This is important becausehtte transport
involves both horizontal and vertical flow, roughly speakascending air
at low latitudes and descending air at high latitudes, combiwith high
altitude poleward flow and low altitude flow towards the E&typr.

6 The lst and 2nd Laws of Thermodynamics

...no one knows what entropy is, so if you in a debate use tinis c
cept, you will always have an advantage. (von Neumann to-Shan
non)

We recall the 2nd Law of Thermodynamics as stated in [5]:

K+P=W-D, E=-W+D+Q, 2)

K(t):%/ﬂpu~u(x,t)dx, P(t):/o /Qgpu(x,s) dxds,
E(t):/ﬂcva(x,t) dz, W(t):/QpV~u(x,t) dx, 3)
Q) = [ ate.t)da.

is momentary total kinetic energlf (¢), potential energyP(t), internal
energyE(t) and work rateélV (¢), and D(t) > 0 is rate of turbulent dis-
sipation and)(¢t) rate of supplied heat or heat forcing. The wadik is
positive in expansion withv - u positive, and negative in compression
with V - u negative (since the pressyrés positive).

Adding the two equations of the 2nd Law, we find that the cleaoiy
total energy K + P + E) is balanced by the heat forcing:

d
E(K—i—P—i—E):Q, (4)



which can be viewed to express the 1st Law of Thermodynansicen-
servation of total energy.

Thermodynamics essentially concerns transformationsdet heat
energyFE and the sumi + P of kinetic and potential energies with the
transfer beingt (W — D): whateverK + P gains is lost byE and vice
versa. The 2nd Law sets the following limits for these transfations:

e heat energy can be transformed to kinetic/potential enefgy P
only under expansion witl” > 0,

o turbulent dissipatiorD can transform kinetic/potential ener@y +
P into heat energy,

e turbulentdissipatio® cannottransform heat energy to kinetic/potential
energy, becausP > 0.

7 Basiclsothermal and I sentropic Solutions

As anyone who has taken a course in thermodynamics is wetkawa
the mathematics used in proving Clausius’ theorem (the 2Zvd) lis

of a very special kind, having only the most tenuous relatithat
known to mathematicians. (Mathematician S. Brush)

We identify the following hydrostatic equilibrium base gtibns, here
fitted to an observed Earth surface temperaturg8sfK’, assumingy) =

_ = _ E 149
u=0,T =288 —gx3, p= (288 — gr3)™, p = Ra(288 — gx3)> ™",
0, T = 288(K), p = avexp(—gas), p = R288acexp(—gas),
©)

wherey = £ (= 0.4) and thusR(= + 1) = ¢, = 1, we scalers in km

(@2

anda denotes a positive constant to be determined by data.
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Figure 3: Temperature profile of the atmosphere, with comdapse rate
in the troposphere df.5 C/km (NOAA).



The first solution is non-turbulent (or isentropic) with = 0 in the
2nd Law: .
E+W =0, (6)

or in conventional notation
codT + pdV =0, (7

which combined with hydrostatic balantg% = —gp and the differenti-
ated formpdV + Vdp = RdT of the gas law, gives

(cy + R)g—i = —g. (8)

With ¢, + R = ¢, = 1000 J/ K kg the heat capacity of dry air we obtain
an isentropidry adiabatic lapse rate of 10 C//km. With the double heat
capacity of saturated moist air we obtain an isentropiist adiabatic
lapse of 5 C'/km.

The second solution has constant temperature and expahdnap of
density and pressure, and can be associated with lots afl@nxdissipa-
tion (with D = W) effectively equilibrating the temperature.

We summarize the properties of the above base solutionk Qvit
0):

e isothermal: maximal turbulent dissipatiof. = W,
e isentropic: minimal turbulent dissipatio? = 0.

We find real solutions between these extreme cases, witthipld = %
andp ~ (288 — gx3)°, p ~ (288 — gx3)%, with a quicker drop with height
than for the isentropic solution with ~ (288 — gz3)%-5 andp ~ (288 —
gr3)35, or turned the other way, with a smaller lapse raté.6fC'/km).

8 Basic Thermodynamics

...thermodynamics is a dismal swamp of obscurity... a praxe
ample to show that physicists are not exempt from the madofess



crowds... Clausius’ verbal statement of the second law make
sense...All that remains is a Mosaic prohibition; a centiiyhiloso-
phers and journalists have acclaimed this commandmenttarge
of mathematicians have shuddered and averted their eyestfr®
unclean...Seven times in the past thirty years have | togdltow
the argument Clausius offers and seven times has it blankdd a
gravelled me. | cannot explain what | cannot understand.ygiPh
cist C. Truesdell)

We have formulated a basic model of the atmosphere acting as a
conditioner/refrigerator by transporting heat energyrftbe Earth surface
to the top of the atmosphere in a thermodynamic cyclic poegth radi-
ation/gravitation forcing, consisting of

e ascending/expanding/cooling air heated by low altitudidlde ra-
diative forcing,

e descending/compressing/warmingair cooled by high akifiatitude
outgoing radiation,

combined with low altitude evaporation and high altitudedensation.
The model is compatible with observation and suggests lieabpse
rate/surface temperature is mainly determined by thermauatycs and not
by radiation.
The thermodynamics of a standard refrigerator requiresygcessor,
which in the case of an atmosphere is taken over by gravitatimsing
compression of descending air.

9 Basic Data

You can fool all the people some time, and some of the people al
the time, but you cannot fool all the people all the time. (@am
Lincoln)

We collect the following observed data, for the first halftloé above
cycle:

e average upward velocity 0.01m/s,



EARTH'S ENERGY BUDGET

Reflected by Reflected Reflected from
atm osphere by clouds earth's surface

6% 20% 4% 64% 6%

Incoming Radiated to space
solar energy from clc;'uds and
100% atmosphere

Absorbed by

atmosphere 16% Radiated

directly
to space
from earth
o Absorbed by
"é é clouds 3% Radiation

absorbed by
atmosphere

Absorbed by land
and oceans 51%

Figure 4: Earth energy budget (NASA Atmospheric Science@anter).



e average density- 0.6 kg/m?,
e average altitude of TOA= 5000 m,
e ¢, = 1000 J/K kg

e (Q ~ 180 W/m? absorbed by the Earth surface with 17 allocated
to radiation, and 20 W to thermodynamics with00 1 to evapora-
tion and20 W to convection.

e observed lapse rate —6.5 C/km,
e evaporatiorr 4 cm/day,
¢ heat of vaporization of wate&x200 k.J/ kg,

e turbulent dissipation rate€.002 W/kg,

For the upward motion of a column of air over a square meteudése,
we have:

e P~ 0.01 x0.7% 5000 x g =350W,
o £~ —0.01x 0.7 x 1000 x 5000 x %2 ~ —230 W,

e phase change.2 x 10 x 10? x %34 ~ 100 W,

which is compatible withV —D = P = 350 W andE = —W +D+Q =
—230W.

The observed lapse rate@b C/km can be viewed as being obtained
by moderating the dry adiabatic rate®8 C/km by a combined process
of phase change and turbulent dissipation effectively ceduthe drop
of temperature with altitude. The energy transfer in thzcess & g—g X
230 = 120 W with 100—110 W for evaporation antd0 = 0.002 x 5000 =
10 — 20 W for turbulence) is roughly equal to the heat forcing allecat
to thermodynamics< 120 ). Increasing heat transfer then corresponds
to non-increasing lapse rate and non warming; the main rgessiaour
analysis.

The observed lapse rate@b C'/km is bigger than the moist adiabatic
rate of5 C'/km, which causes unstable overturning of rising warm air and
turbulent dissipation.



10 LapseRatevsRadiative Forcing

I the lapse rate i€ thenP + E = @ combined withE /P = - accord-
ing to the above computation, givés= 10(1 — Q/P). If Q is increased
then L will decrease ifP stays constant, but iP increases quicker than
Q, then L may increase. Increasing may be expected to give an in-
crease ofP by increasing the vertical convection velocity, but a dasge
by increasing phase change evaporation/condensatiorchvéffiect will
dominate: convection or phase change? Computations witinawer are
under way... until then we notice that out 1f0 W/m? of radiative heat
forcing, a major part of say00 can be allocated to phase change, which
gives phase change a good chance to compete with convection.

11 Summary: Atmosphere as Air Conditioner

A good many times | have been present at gatherings of pedple w
by the standards of the traditional culture, are thoughhligigdu-
cated and who have with considerable gusto been expredsing t
incredulity at the illiteracy of scientists. Once or twichdve been
provoked and have asked the company how many of them could de-
scribe the Second Law of Thermodynamics. The response vdts co

it was also negative. (C. P. Snow in 1959 Rede Lecture emflthe

Two Cultures and the Scientific Revolution).

Let us now sum up the experience from our analysis. We have see
that the atmosphere acts as a thermodynamic air conditicaresporting
heat energy from the Earth surface to a TOA under radiatia fozc-
ing. We start from an isentropic stable equilibrium statéhviéapse rate
9.8 C'/km with zero heat forcing and discover the following scenaoio f
the response of the air conditioner under increasing heeatig:

1. increased heat forcing of the Ocean surface at low lagus bal-
anced by increased vaporization,

2. increased vaporization increases the heat capacityhva@creases
the moist adiabatic lapse rate,



3. if the actual lapse rate is bigger than the actual moistiadic rate,
then unstable convective overturning is triggered,

4. unstable overturning causes turbulent convection witteiased heat
transfer.

The atmospheric air conditioner thus may respond to inectasat forc-
ing by (i) increased vaporization decreasing the moisttzadia lapse rate
combined with (ii) increased turbulent convection if théuat lapse rate
is bigger than the moist adiabatic lapse rate. This is howilanggot of
water reacts to increased heating.

If someone points out to you that your pet theory of the ursiges
in disagreement with Maxwell’s equations, then so much theses
for Maxwell's equations. If it is found to be contradicted dlyserva-
tion, well, these experimentalists do bungle things samedi But
if your theory is found to be against the second law of therynadh-
ics, | can give you no hope; there is nothing for it but to qodla in

deepest humiliation (Sir Arthur Stanley Eddington in Theue of

the Physical World, 1915)
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