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Thermodynamics is a funny subject.  The first time you go through it, you don't 
understand it at all.  The second time you go through it, you think you understand it, 
except for one or two small points.  The third time you go through it, you know you 
don't understand it, but by that time you are so used to it, it doesn't bother you any 
more. 

Arnold Sommerfeld



A theory is the more impressive the greater the simplicity of its premises, the more 
different kinds of things it relates, and the more extended its area of applicability. 
Therefore the deep impression that classical thermodynamics made upon me. It is the 
only physical theory of universal content which I am convinced will never be 
overthrown, within the framework of applicability of its basic concepts. 

Albert Einstein



In this house we obey the laws of thermodynamics! 

Homer Simpson
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FIGURE 10.2 Results for the two-box model of the Earth system for varying poleward heat
flux J. Solid lines: radiation temperature of equatorial region, T1, and polar region, T2.
Dashed line: irreversible entropy production due to the poleward meridional heat flux.
The entropy production is expressed per unit area on Earth.

which is equivalent to the expression for the heat conduction example of
Section 2.3, Eq. 2.32. Using the above expressions for T1 and T2 we find

diS
dt

= J (Jmax − J)
Ṙin

Tb
T1T2

≈ J (Jmax − J)
ṘinTb

, (10.70)

where it should be noted that both T1 and T2 are also functions of J. The
approximation on the right-hand side is better than one part in a hundred for
the relevant range of values for J. It can be seen that the irreversible entropy
production vanishes when J = 0 or when J = Jmax. In the intermediate range,
the entropy production is positive, with a maximum production rate when
J ≈ Jmax/2, see Fig 10.2.

For Earth parameters, the maximum of entropy production of about
6.5 mW m−2 K−1 occurs for J ≈ 10 PW.This value of the poleward heat flux is
close to the sum of the observed values at 30◦ N and 30◦ S. This coincidence
may well be fortuitous. However, problem 10.3 shows how maximum entropy
production can be used to predict the sensible and latent heat flux between
the surface and the atmosphere. Also, much more complicated models have
been produced that appear to indicate that observed fluxes are close to those
that maximize the production of entropy.66 Maximum entropy production
is perhaps the principle of non-equilibrium thermodynamics that parallels

66Paltridge, G. W. (1975) Quart. J. Roy. Met. Soc. 101, 475–484; Ozawa, H. et al.
(2003) Rev. Geoph. 41(4), 1–24; Kleidon, A. & Lorenz, R., eds. (2005) Non-equilibrium
thermodynamics and the production of entropy. Springer, Berlin.

Predictive thermodynamics: maximum entropy production
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For computational simplicity, we approximate the radiative output Ṙout,i in
each region i by a linear function of the radiation temperature. The appro-
priate linearization of Stefan’s law is

Ṙout,i =
Ṙin

2

!
Tb + 4 (Ti − Tb)

Tb

"
, (10.64)

with Ṙin = Ṙin,1 + Ṙin,2 the global radiative heat input, Tb the global mean
radiation temperature, and Ti the radiation temperature in region i. For Earth
we have

Ṙin = 120 PW and Tb = 255 K. (10.65)

The above linear approximation produces a radiative output of Ṙin/2 = 60 PW
per region when the radiation temperature is Tb = 255 K, and it has the same
variation with temperature as Stefan’s law at this point. It is possible to use
linear fits to real data to get more accurate versions for the Earth system.

The system is in equilibrium when the heat input is the same as the heat
output for each region,

Q̇in,i = Ṙout,i. (10.66)

Substituting Eqs. 10.62 and 10.64 we can solve for the equilibrium temper-
ature in each region as a function of meriodional heat flux J,

T1 = Tb

#

1 + 1
4

#
Ṙin,1 − J − Ṙin/2

Ṙin/2

$$

, (10.67a)

T2 = Tb

#

1 + 1
4

#
Ṙin,2 + J − Ṙin/2

Ṙin/2

$$

. (10.67b)

Figure 10.2 shows the two temperatures as a function of J for Earth param-
eters. As expected, for the maximum poleward heatflux Jmax, given by

Jmax = (Ṙin,1 − Ṙin,2)/2, (10.68)

we find that the radiation temperatures in the two regions become the same.
For Earth parameters, we have Jmax = 20 PW.

The entropy production diS/dt due to the heat flux can be estimated as

diS
dt

= J

!
1
T2

− 1
T1

"
, (10.69)
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FIGURE 1.3 Mean temperature, in ⇥C, as a function of height for the annual mean
tropics (thick line), the winter mean extratropics (medium line), and the summer
mean extratropics (thin line). The tropics here correspond to the latitudes between
the tropics of Cancer and Capricorn; the extratropics correspond to the latitudes
beyond 45 degrees in either hemisphere at the corresponding season. Based on
data from Randel et al., 2004.
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height,

−dT
dZ

= !. (4.17)

So the temperature profile is

T = T0 − ! Z, (4.18)

with T0 the temperature at geopotential height Z = 0.This can be substituted
in the hydrostatic equation and integrated with boundary condition p(Z =
0) = p0. The result is

I p = p0

!
T0 − ! Z

T0

"g0/R!

. (4.19)

This equation can be related to the result for an isothermal atmosphere by
rewriting as

p = p0

!
1 − R!

g0

Z

H

"g0/R!

with H = RT0

g0
. (4.20)

Using a well-known result in calculus,

lim
q→0

(1 − qx)1/q = e−x, (4.21)

we see that the Eqs 4.16 and 4.19 become the same when the lapse rate ! is
much smaller than g0/R = 34 K km−1.

The US Standard Atmosphere is, in the troposphere, defined to have a con-
stant lapse rate in geopotential height of 6.5 K km−1. When cruising aircraft
report height they actually refer to a pressure level in the US Standard At-
mosphere, where Eq. 4.19 is used to calculate the geopotential height from
the pressure. Equations 4.8 and 4.19 can be used to check the tropospheric
values of Table 4.1. Figure 4.2 shows a graphical comparison of some vertical
pressure profiles.

Integrating the hydrostatic equation between two height levels, we find
that the mass between the two levels is proportional to the pressure differ-
ence. The mass M per unit area between two height levels is

M =
# z1

z0

" dz =
# p0

p1

dp
g

≈p0 − p1

g
, (4.22)

where we have assumed that g is constant between the two levels. In other
words, equal pressure differences correspond to equal masses.

Hydrostatic Balance: 
mass = pressure drop 
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Earth will have to export, on average, S0/4 = 342Wm�2. About 30% of this
export is accounted for by reflection of the incoming short-wave radiation from
the clouds and from the Earth’s surface. The fraction a of insolation that is re-
flected is called the albedo; the Earth system has an average albedo of a = 0.3.
The radiation that is not reflected back to space, about 239Wm�2 on average,
is exported as long-wave radiation. Using the Stefan–Boltzmann law, this ra-
diative export can be expressed as the effective temperature of a black body
with the same energy output. This effective temperature is called the radiation

temperature or bolometric temperature, Tb. For the Earth we find a radiation
temperature of Tb = 255K.

The radiation temperature is lower than the observed average surface tem-
perature on Earth, TE , of about 288K. This high surface temperature is due to
the greenhouse effect produced by the atmosphere. The total greenhouse ef-
fect on Earth is about 288K�255K = 33K. Physically, the atmosphere can be
viewed as a long-wave blanket over the Earth. The top of the atmosphere will
have to radiate at a temperature of 255K. To emit at this temperature, the Earth’s
surface beneath the blanket has to be warmer. This is the greenhouse effect. If
the blanket insulates better, the Earth’s surface has to become hotter to enable
the same radiation temperature at the top of the atmosphere.

In its simplest possible setting, the greenhouse effect can be understood by
assuming that the atmosphere is relatively transparent in the short-wave spec-
trum (eSW ⇡ 0) and opaque in the long-wave spectrum (eLW ⇡ 1). The schematic
in Figure 9.3 shows how the radiation is transmitted in such a system, where we
assume the atmosphere to consist of a single, cloud-free slab of uniform tem-
perature TA. In equilibrium, the energy fluxes into and out of the components

S0/4 aS0/4 sT
4

A

sT
4

A

sT
4

E

TE

Figure 9.3: Paths of radiative fluxes in a system made of a single, cloud-free
slab atmosphere at temperature TA, with unit emissivity in the long-wave and
zero emissivity in the short-wave part of the spectrum. The insolation is S0/4.
The planetary short-wave albedo a is here provided by the Earth’s surface alone.

mean surface temperature — Earth’s radiation temperature = greenhouse effect 
288 K —  255 K = 33 K

B = σT4

Stefan-Boltzmann:

240 W m−2 = σ(255 K)4

Solar constant:

S0 ≈ 1366 W m−2





Radiative Transfer 
(a pen-and-paper example)



team view of the closure for the TOA radiation budget. 
The TOA imbalance in the original CERES products 
is reduced by making largest changes to account for 
the uncertainties in the CERES instrument absolute 
calibration. They also use a lower value for solar 
irradiance taken from the recent TIM observations 
(Kopp et al. 2005).

Several atlases exist of surface f lux data, but 
they are fraught with global biases of several tens 
of watts per meter squared in unconstrained VOS 
observation-based products (Grist and Josey 2003) 
that show up, especially when net surface flux fields 
are globally averaged. These include some based on 
bulk flux formulas and in situ measurements, such as 
the Southampton Oceanographic Centre (SOC) from 
Grist and Josey (2003), WHOI (Yu et al. 2004; Yu and 
Weller 2007), and satellite data, such as the HOAPS 
data, now available as HOAPS version 3 (Bentamy 
et al. 2003; Schlosser and Houser 2007). The latter 
find that space-based precipitation P and evapora-
tion E estimates are globally out of balance by about 
an unphysical 5%. There are also spurious variations 
over time as new satellites and instruments become 
part of the observing system.

Zhang et al. (2006) find uncertainties in ISCCP-FD 
surface radiative fluxes of 10–15 W m−2 that arise from 
uncertainties in both near-surface temperatures and 
tropospheric humidity. Zhang et al. (2007) computed 
surface ocean energy budgets in more detail by com-
bining radiative results from ISSCP-FD with three 

surface turbulent f lux estimates, from HOAPS-2, 
NCEP reanalyses, and WHOI (Yu et al. 2004). On 
average, the oceans surface energy flux was +21 W m−2 
(downward), indicating that major biases are present. 
They suggest that the net surface radiative heating 
may be slightly too large (Zhang et al. 2004), but also 
that latent heat flux variations are too large.

There are spurious trends in the ISCCP data (e.g., 
Dai et al. 2006) and evidence of discontinuities at 
times of satellite transitions. For instance, Zhang 
et al. (20007) report earlier excellent agreement of 
ISCCP-FD with the ERBS series of measurements 
in the tropics, including the decadal variability. 
However, the ERBS data have been reprocessed 
(Wong et al. 2006), and no significant trend now 
exists in the OLR, suggesting that the previous agree-
ment was fortuitous (Trenberth et al. 2007b).

Estimates of the implied ocean heat transport from 
the NRA, indirect residual techniques, and some 
coupled models are in reasonable agreement with 
hydrographic observations (Trenberth and Caron 
2001; Grist and Josey 2003; Trenberth and Fasullo 
2008). However, the hydrographic observations also 
contain significant uncertainties resulting from both 
large natural variability and assumptions associated 
with their indirect estimation of the heat transport, 
and these must be recognized when using them to 
evaluate the various flux products. Nevertheless, the 
ocean heat transport implied by the surface fluxes 
provides a useful metric and constraint for evaluating 

products.

THE GLOBAL MEAN 
ENERGY BUDGET. 
The results are given here 
in Table 1 for the ERBE 
period, Table 2 for the 
CERES period, and Fig. 1 
also for the CERES period. 
The tables present results 
from several sources and 
for land, ocean, and global 
domains. Slight differences 
exist in the land and ocean 
masks, so that the global 
value may consist of slight-
ly different weights for each 
component.

ERBE period results . For 
the ERBE period, Table 1 
presents results from KT97 
for comparison with those 

FIG. 1. The global annual mean Earth’s energy budget for the Mar 2000 to 
May 2004 period (W m–2). The broad arrows indicate the schematic flow of 
energy in proportion to their importance.

314 MARCH 2009|

from Trenberth, Fasullo & Kiehl, Bull. Am. Met. Soc., 2009



global-mean temperature change over the next half-century or so.
For example, in all but one of the 19 coupled atmosphere–ocean 
general circulation models (AOGCMs) in CMIP-2 (the second 
Coupled Model Intercomparison Project24,25), an annual 1% com-
pound increase in CO2 concentrations (a linear increase in radiative
forcing) results in a near-linear global-mean temperature response
up to and beyond the time of CO2 doubling after a few years’ initial
adjustment (ref. 26; and see Fig. 9.3a of ref. 4). Likewise, global-mean
precipitation increases roughly linearly in these experiments 
(Fig. 9.3b of ref. 4), albeit with rather stronger unforced and effective-
ly random variations from year to year.

The net radiative forcing in the CMIP-2 experiments is at the high
end of projected anthropogenic changes over the coming decades.
Hence current AOGCMs suggest that a strongly nonlinear global-
mean temperature response to greenhouse forcing is unlikely over
the next few decades at least. In that case, the constraint of global
energy conservation means that estimates of past radiative forcing,
recent observed near-surface temperature change and the accumula-
tion of heat in the global oceans27,28 place objective, albeit still 
rather weak, constraints on the overall strength of atmospheric 
feedbacks16,17,19,20. These in turn provide the basis for an objective
probabilistic forecast of the temperature response to a given 
emissions scenario18,29,30 of the type we would like, ultimately, to 
provide for the hydrologic cycle.

The curve in Fig. 1 shows an estimate of the probability distribu-
tion of global-mean warming at the time of CO2 doubling under a
scenario of CO2 concentration increasing by 1% annually (the 
‘transient climate response’, or TCR), which is consistent with recent
observations of large-scale surface, atmospheric and oceanic 
temperature change19,31. Note that this empirical distribution is, if
anything, likely to underestimate the range of uncertainty in TCR, as
the analysis on which it was based assumed a negligible impact of 
natural forcing on temperature changes in the twentieth century17.

The crosses in Fig. 1 show the TCR of the 19 AOGCMs in the
CMIP-2 multi-model comparison. If the CMIP-2 models were a 

random sample of possible climate-system behaviour consistent
with these observations, then we should expect to find approximately
equal numbers of models in each decile (vertical band) of the empiri-
cal TCR distribution and a more-or-less flat histogram in the inset
panel. Instead, the models are concentrated near the centre of the 
distribution. Only one model displays a TCR in the uppermost two
deciles of the distribution, and this turns out to be fortuitous. 
Warming accelerates in this particular model32 owing to some form of
nonlinearity in the response. The empirical distribution (which
assumes that both climate sensitivity and the nature of the ocean
response are constant over these timescales) would immediately
become much broader if it were to allow for such nonlinearity, pushing
even this high-response model down into a relatively low percentile.

If current models underestimate the range of global-mean 
temperature responses consistent with recent observations, the prob-
lem can be expected to be worse for variables such as precipitation,
which are not so well constrained by the available data. Hence any
assessment of the risk of precipitation change exceeding a given
threshold by a given date based solely on the spread of responses of
currently available climate models10 will be underestimated, perhaps
by a substantial margin.

Of course, the fact that current climate models do not span the
range of responses consistent with recent warming is no indictment
of the models: they were not designed to do so. The IPCC TAR was
careful not to interpret the spread of the models as a direct measure of
uncertainty in climate forecasts, for precisely this reason. Far from
being designed to provide random samples of possible representa-
tions of the climate system, AOGCMs are generally designed as ‘best
guess’ representations of the system based on a limited set of observa-
tions. Hence some clustering of model results towards the centre of
the range of physically plausible behaviour should be expected.
Because we cannot quantify the extent of this clustering bias a priori,
we cannot predict the likelihood of the response in the real world
lying above or below the range of model simulations with modelling
alone. The only objective probabilistic forecast is provided by the

insight review articles
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Figure 1The range of transient climate response (TCR) consistent with recent
observed temperature trends, compared to TCRs of some current AOGCMs. The curve
shows the warming at the time of CO2 doubling after an increase in CO2 concentration
of 1% per year (TCR), estimated from comparing an intermediate-complexity model
with observations of recent large-scale temperature change, allowing for uncertainty
due to internal variability as simulated by an AOGCM (refs 19, 31, with supplementary
data supplied by M. D. Webster). The curve has been smoothed for clarity and the
vertical bands show equal-area deciles of the distribution. The crosses are the TCRs of
the AOGCMs in the CMIP-2 ensemble4,25. Superimposed red diamonds show models
used in the TAR summary range of ‘1.4–5.8 !C warming from 1990 to 2100’. The
inset histogram shows how many of the CMIP-2 models fall into each decile of the
observationally constrained distribution.
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Figure 2Global-mean temperature and precipitation changes in AOGCM simulations
(scatter plots), and probability distributions obtained by requiring consistency with
recent observations (curves). Red triangles show global-mean temperature and
precipitation changes in a wide range of equilibrium CO2-doubling experiments with
simple thermodynamic (‘slab’) oceans4,45, with the red line showing the best-fit (least
squares) linear relationship. Green diamonds show the same, at the time of CO2

doubling, for those CMIP-2 models for which the data are available25. Blue crosses are
the green diamonds adjusted for disequilibrium in the CMIP-2 runs by adding "Fs/kT

to #T(equation (2)), with a single value of " (!1) estimated from the data to remove
the bias with the best-fit line through the ‘slab’ experiments. All these points would lie
on the dashed line labelled C–C if precipitation were to follow the Clausius–Clapeyron
relation44. The green dashed curve is the observationally constrained estimate of the
distribution of global-mean temperature change at the time of CO2 doubling from 
Fig. 1. The blue curve is the same, but adjusted for disequilibrium like the blue
crosses. The red curve shows the distribution of global-mean precipitation changes
implied by the blue curve, assuming the same straight-line relationship observed in
the ‘slab’ experiments, with the same amount of scatter (assumed Gaussian).
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Global Hydrological Cycle: 
constrained by “basic” thermodynamics
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Figure 6.2: Vertical profile of dry entropy (thin line, Eq. 6.11) and moist entropy
(thick line, Eq. 6.17). The data are means from measurements in the Caribbean
area over ten years during the hurricane season. The dry entropy is arbitrarily
set to zero for T = 15�C and p = 1013.25hPa. Based on data in Jordan, C. L.
(1958) J. Meteorology 15, 91–97.

It expresses the fact that energetically the vapour had to be evaporated into the
air at some point. It ignores the thermal contribution of initially replacing some
of the dry air with liquid water.

Figure 6.2 gives an example of an observed vertical profile of this entropy
for unsaturated moist air. It can be seen that the humidity increases the entropy
compared to the dry case, due to the latent heating contribution. The disequilib-
rium contribution is small. The dry entropy shows a steadily increasing value
until the tropopause, around 150hPa, indicating a stable mean atmosphere. By
contrast, the moist entropy shows a clear minimum in the middle troposphere,
which has important implications for the structure of tropical convection

The observed mid-tropospheric minimum in entropy in the tropical atmo-
sphere is not consistent with a steady upward transport of entropy away from
the surface, where latent and sensible heat exchange with the surface provide
the main source of entropy. Such a picture is sometimes envisaged in schemat-
ics of the Hadley cell, the global overturning circulation driven by heating in the
tropics and cooling in the extratropics. But in order to get the observed min-
imum in the tropical mid-troposphere there would have to be an entropy sink
in the lower troposphere and a compensating entropy source in the upper tropo-
sphere, for which there are no obvious mechanisms. Instead, tropical convection

Entropy for dry and moist air 
(constraint on structure of tropical convection)

(tropical mean  
during storm season)
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Figure 6.6: Sounding data plotted on a tephigram, including Normand’s con-
struction for the parcel at 870hPa.

The construction above is called Normand’s construction:

The dry adiabat through point (p,T ), the isoline of rvs through point

(p,Td), and the pseudo-adiabat through point (p,Tw) meet in one point

at the lifting condensation level.

Let us now continue and plot a full profile on the tephigram. The solid line
in Figure 6.6 represents the temperature T of the sounding, the dashed line rep-
resents the dewpoint temperature Td . The Normand construction for the parcel
at 870hPa is also drawn in. We can perform Normand’s construction at every
point on this sounding to get any of the moisture variables at any level, but we
can also view the more general structure of the profile. For example:

• Near the surface, below 980hPa, the atmosphere is unstable (dq/dz < 0)
in a thin layer, probably because of cold air flowing over a warm surface.

• Below 920hPa the atmosphere is well mixed and near-neutral, close to a
dry adiabatic lapse.

Tephigrams (T-𝛟) 
(an example of graphical jargon) 
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Figure 7.3: Saturation ratio as a function of droplet radius (‘Köhler curve’,
thick line) for a droplet at 0�C and with 10�16 g of NaCl solute. The Köhler
curve is the product of the Kelvin effect and the Raoult effect (thin lines).

with es(0) the saturated vapour pressure for pure water (with the Kelvin effect
included for spherical droplets). From a microscopic point of view this equation
makes sense. According to the equipartition theorem, the kinetic energy will
be equally distributed amongst all the molecules, because they are at the same
temperature. This means that at some temperature the water molecules have the
same chance of escaping the solution. It is assumed that the solute does not
change the energy barrier for escaping the solution; this is, implicitly, one of
the assumptions in deriving Raoult’s law: the assumption of an ideal solution.
However, the number of water molecules per unit number of molecules has
reduced by a factor 1� y, thus reducing the evaporation rate, and therefore the
saturation vapour pressure of the water by the same factor.

We can rewrite Eq. 7.19 in a more explicit form. Write the total number of
moles in the drop nt as nt = nl +ns with nl the number of moles of liquid water,
the solvent, and ns the number of moles of solute. We then find that

1� y = 1� ns

nt

=
1

1+ns/nl

. (7.20)

The fraction ns/nl can be expressed as

ns

nl

= i
Ms

rlV

µl

µs

, (7.21)

(or electric charge effect)
Wilson cloud chamber (see IOP lobby) 

Cosmic ray effect on climate? 

Cloud seeding with ions

Down to the smallest scales: 
cloud drop formation
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