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The Clausius–Clapeyron equation is used to do a comparative study of the properties of the clouds
that form in planetary atmospheres. Simple static atmospheric models for various planets, the
satellite Titan, and the extrasolar planet HD209458b are used together with the saturation vapor
pressure curves of the different kinds of molecules to determine the pressure, density, and scale
height of the clouds in each body. This application of the Clausius–Clapeyron equation extends our
knowledge of terrestrial water clouds to different exotic clouds present in other planets. ©2004

American Association of Physics Teachers.
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I. INTRODUCTION

The study of the solar system with ground-based a
space telescopes as well as with visiting spacecrafts
shown that most of the planets and some massive sate
have atmospheres with clouds and suspended ae
particles.1,2 Clouds are expected to be present in the n
family of recently discovered giant extrasolar planets.3 In
most cases the clouds determine the visual appearanc
these bodies and serve as tracers of meteorological phe
ena~see Fig. 1!. Clouds also play an important role in dete
mining the heat balance and global atmospheric dynami

Cloud formation is very complicated and involves ma
facets of atmospheric science such as cloud particle phy
~microphysics4! and thermodynamics. Suspended particles
the atmosphere can form from a variety of natural proces
including condensation, chemical and photochemical re
tions, outgassing or lifting from the surface~dust, evapora-
tion and sublimation, volcanic activity!, and particle bom-
bardment of atoms and molecules in the upper atmosph
Except for the Earth, most of the fundamental aspects
cloud constitution and formation mechanisms on the plan
are poorly known. However, the most massive clouds
planetary atmospheres form from the condensation of m
atmospheric constituents. Thus, a simple approach to c
formation and to their basic properties in planets and sa
lites can be derived from fundamental physical assumptio
In this paper we compare the nature, location, and expe
properties of the condensate clouds of planetary at
spheres. We also give a practical example of the use of
Clausius–Clapeyron equation which can be incorporated
courses on thermodynamics and meteorology.

We study those planets that possess massive atmosp
~Venus, Earth, Mars, Jupiter, Saturn, Uranus, Neptune!, a sat-
ellite of Saturn~Titan!, and the best characterized extraso
planet ~HD 209458b!. The comparison of planetary cloud
will help students gain a broad perspective on how differ
types of condensate clouds can form under very differ
environments than that found on Earth.

To understand the physics of planetary clouds in terms
a condensation process, we define the reference thermal
and chemical composition of the atmosphere in Sec. II.
introduce the Clausius–Clapeyron equation in Sec. III a
express it in a useful form for atmospheric physics. At t
stage we have all the necessary tools to explore what typ
767 Am. J. Phys.72 ~6!, June 2004 http://aapt.org/ajp
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clouds and at what altitude will form in any planet~Sec.
IV A !. The data needed to perform these calculations
each planet are given in tabular form. A comparison betw
modeled and real clouds is presented for the Earth and
nus. The Clausius–Clapeyron equation also lets us obtain
expected cloud density, vertical extent of the clouds, a
how the vertical temperature profile is modified by clo
formation~Secs. IV B and IV C!. In Sec. V we discuss som
properties of clouds that cannot be treated in this study
that can be useful for teachers to know.

II. VERTICAL TEMPERATURE PROFILE IN
ATMOSPHERES

For simplicity, we assume the atmosphere to be at
~with no heat transport by motion!. Because it is in hydro-
static equilibrium, the temperature will depend only on a
tude; this dependence is called the vertical temperature
file. To calculate it simply we need to make addition
assumptions. We assume that the atmosphere obeys the
gas law

P5rR* T, ~1!

whereP is the pressure,T is the temperature,r is the density
of the gas, andR* is the specific gas constant~the universal
gas constant divided by the mean atmospheric molec
weight m!. Because the atmosphere is assumed to be in
drostatic balance, we have

dP

dz
52rg, ~2!

wherez is the vertical coordinate andg is the acceleration
due to gravity. Upon integration we obtain the altitud
pressure relation, which requires knowledge of the verti
temperature profileT(z),

P~z!5P0 expF2g

R* E
z0

z dz8

T~z8!G , ~3!

whereP05P(z0). The vertical temperature profileT(z) de-
pends on radiative and dynamic~advective or convective!
energy transfer. Here we concentrate on the troposphere~the
weather layer!, which is the atmospheric layer where th
temperature decreases with altitude (dT/dz,0) and most of
767© 2004 American Association of Physics Teachers
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Fig. 1. A panorama at visual wave
lengths of the eight solar system bod
ies ~not to scale! whose clouds’ prop-
erties are discussed in the text. Fro
left to right first row: Venus, Earth,
Mars, Titan~a satellite of Saturn!, and
in the second row: Jupiter, Saturn
Uranus and Neptune. Image compos
from NASA images.
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the atmospheric mass resides and clouds form. We cons
two situations:

~a! An isothermal atmosphere,T(z)5T0 , so that Eq.~3!
becomes

P~z!5P0 expS 2
z

H D , ~4!

where we have introduced the scale heightH5R* T0 /g. H
represents a useful length scale to characterize vertical
tions in the atmosphere.

~b! For an adiabatic~an atmosphere for which there is n
heat exchange! and a dry atmosphere, we can use the fi
law of thermodynamics, Eqs.~1! and ~2!, and the fact that
cp5cV1R* to obtainGa52dT/dz5g/cp , whereGa is the
adiabatic gradient andcp(cV) is the specific heat at consta
pressure ~volume! ~per unit mass!.4 If we assume Ga

5const ~g is constant andcp does not depend on the tem
perature!, we have

T~z!5T02Ga~z2z0!. ~5!

If we substitute Eq.~5! into Eq. ~3!, we obtain

P~z!5P0F12
Ga~z2z0!

T0
Gg/GaR*

. ~6!

Note that in real atmospheres the vertical temperature gr
ent is lower thanGa , as long as condensation releases h
This point will be discussed in Sec. IV C. Here we assum
dry atmosphere where condensation occurs. Equations~5!
and ~6! then give the dry adiabatic profile

P~T!5P0S T

T0
D g/GaR*

. ~7!

In Table I we present the data for planetary atmosphe
needed to calculate the averageT(P) or T(z) profiles. Some
comments are necessary to clarify the values presente
Table I. First, the atmospheres of the terrestrial planets~Ve-
768 Am. J. Phys., Vol. 72, No. 6, June 2004
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nus, Mars, and Earth! were formed by the outgassing o
volatiles during their hot formation phase and have larg
evolved in time. On the contrary, the giant planet atm
spheres~Jupiter, Saturn, Uranus, and Neptune! are practi-
cally of primordial origin, that is, their composition has r
mained practically unchanged since the origin of our so
system. Second, for the terrestrial planets and the sate
Titan, we take forT0 andP0 the surface valuesTS andPS .
However, the atmospheres of the giant planets are outw
extensions of the fluid planetary bodies, extending dee
into the interior and up to pressures of;1–2 Mbar, where
molecular hydrogen is converted gradually to a metallic~liq-
uid! phase. Because no ground is present in these planets
take as reference valuesP051 bar andT05T(P0). In gen-
eral, the value ofT0 is close to the equilibrium temperatur
of the planet, that is, to the temperature that a planet wo
have in thermal balance with the solar radiation. Howev
the greenhouse effect modifies the surface temperature o
terrestrial planets~the extreme case is Venus!, and the inter-
nal heat source modifiesT0 in Jupiter, Saturn, Neptune, an
probably in the giant extrasolar planets. Curiously, Uran
does not have an internal energy source soT0 is the equilib-
rium temperature due to solar radiation.

III. THE CLAUSIUS –CLAPEYRON EQUATION

The gases composing planetary tropospheres are vol
because of the low temperatures and pressures. The
intervening elements in their composition are C, H, O,
and S. They form molecules such as N2, O2 , H2 , H2O,
CO2, CH4, NH3, and SH2.5 Those substances, or their re
action products, whose bond strength is weakest, tend
form clouds at the lowest temperature by condensing fr
the gas phase to the liquid or solid phases. The abundanc
the condensable gases is measured in terms of the mass
ing ratio mC5rV /r ~or the ratio of the vapor mass to th
total mass!. Because the partial pressure of the condensa
768Sa´nchez-Lavega, Pe´rez-Hoyos, and Hueso
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Table I. Basic properties of planetary atmospheres. The quantities are defined in Sec. II.

Planet or
satellite

Main
components~%!

m
~g mol21!

R*
~J g21 K21!

Cp

~J g21 K21!
g

~m s22!
Ga

~K Km21!
T0

~K!
P0

~bar!

Venus CO2 ~0.96! 44.01 0.19 0.85 8.89 10.50 731 92
N2 ~0.035!

Earth N2 ~0.78! 28.97 0.29 1.00 9.80 9.80 288 1.01
O2 ~0.21!

Mars CO2 ~0.953! 44.01 0.19 0.83 3.74 4.50 214 0.07
N2 ~0.027!

Jupiter H2 ~0.864! 2.22 3.75 12.36 24.25 2.00 165 1.00
He ~0.136!

Saturn H2 ~0.85! 2.14 3.89 14.01 10.00 0.70 134 1.00
He ~0.14!

Titan N2 ~0.65–0.98! 28.67 0.29 1.04 1.35 1.30 94 1.50
Ar ~0.25–0!

Uranus H2 ~0.85! 2.30 3.61 13.01 8.80 0.70 76 1.00
He ~0.15!

Neptune H2 ~0.79! 2.30 3.61 13.01 11.10 0.85 76 1.00
He ~0.21!

HD 209458 H2 ~1.0! 2.00 4.16 14.00 8.00 0.60 1300 1.00
n
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gases satisfiesPp!P ~total pressure!, we can use Dalton’s
and ideal gas equations to obtainmC5«Pp /P, where «
5mV /m is the ratio between the vapor molecular weight a
the mean atmospheric molecular weight~in this contextmC
is also called the specific humidity!. If saturation occurs, then
the saturated mass mixing ratio is given by

mS~T,P!5«
PV~T!

P
, ~8!

where PV(T) is the saturated vapor pressure. The relat
humidity is defined as f (T,P)5100PV /PV(T)
5100(mC /mS). Another way to measure the abundance o
gas mixture is by means of the volume mixing ratio~also
called the molar mixing ratio or mole fraction!

XC5
VC

V
5

Pp

P
5

mC

«
. ~9!

Note that in general for a mixture ofi gases with volume
mixing ratiosXi , we have

m5(
i

m iXi . ~10!

The slope of the vapor pressure curvePV(T) in Eq. ~8!
marks the phase transition where two phases are in equ
rium and is known as the Clausius–Clapeyron equation,6

dPV

dT
5

L

T~V22V1!
, ~11!

whereL is the latent heat of the phase transition~in J g21!
and Vi51/r i is the specific volume~phase 15vapor phase,
25liquid or ice phase!. In Fig. 2 we show the pressure
temperature phase diagram for water, which is a comm
liquid in planetary atmospheres.

A useful approximation to Eq.~11! can be obtained unde
the following assumptions: the temperature variations in
latent heat can be neglected, the vapor is an ideal gas, an
specific volume of the liquid or solid phases is neglec
hys., Vol. 72, No. 6, June 2004
d
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compared to that of the vapor, that is,V22V1;Vvapor

;1/rV5RVT/P, with RV the specific gas constant for th
vapor. Then Eq.~11! can be rewritten as

dPV

dT
5

LPV

RVT2
, ~12!

which is the approximate form of the Clausius–Clapeyr
equation employed in introductory meteorologic
textbooks.5,7 If we integrate Eq.~12! with L5const, we ob-
tain

PV~T!5PV0 expFLS 1

RVT0
2

1

RVTD G , ~13!

where PV0 is the saturation vapor pressure at temperat
T0 . A more accurate expression for the latent heat can
obtained by integrating the relation8

S ]L

]TD
P

5DCP , ~14!

whereDCP is the change of the specific heat between
two phases. In the followingD denotes an increment. If we
expand the specific heat for each phase asCP(T)5a1bT
1¯, we obtain

L5L01DaT1
Db

2
T21O~T3!, ~15!

whereL0 is an integration constant,a andb are empirically
determined constants for each phase, andDa and Db indi-
cate the change of the constantsa and b between the two
phases. We combine Eqs.~12! and ~15! to find the general
form for the saturation vapor pressure curve:

ln~PV!5 ln~C!

1
1

RV
F2

L0

T
1Da ln T1

Db

2
T1O~T2!G . ~16!
769Sa´nchez-Lavega, Pe´rez-Hoyos, and Hueso
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Fig. 2. The phase diagram for wate
with the temperature-pressure rang
for the planets indicated to show th
condensate phase that forms on the
V ~Venus surface!, E ~Earth surface
and cloud level!, M ~Mars surface and
cloud level!, J ~Jupiter!, S ~Saturn!, U
~Uranus!, N ~Neptune!. Details are
shown in the inset for some of them
Note that for convenience the inset’
vertical scale is linear.
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In this paper we will use the saturation vapor press
curves for each molecule as determined empirically for
vapor-liquid or vapor-solid equilibrium transitions in th
range of temperatures found for each planet. In Table II
give the appropriate values for the coefficients in Eq.~16!.

IV. CLOUDS IN PLANETARY ATMOSPHERES

A. Condensation level and cloud formation

We shall assume that condensation and cloud forma
takes place whenever the partial pressurePp of the vapor
exceeds the saturation vapor pressurePV(T), that is, when
supersaturation occurs~a process known as homogeneo
condensation!,

Pp5XCP~T!>PV~T!. ~17!

Equation~17! is equivalent to stating that the relative humi
ity, f, of the condensing layer is greater than 100%. Thus,
a given atmosphere, a comparison of its temperature ver
profile T(P) as given in Sec. II, with the saturation vap
pressure curvePV(T)/XC , tells us which gases condense

Table II. Saturation vapor pressure and latent heat. The quantities ar
fined in Sec. III.

Component
ln(C)

~C in bars!
L0

~J g21!
Da

~J g21 K21!
Db/2

~J g21 K22! Reference

SO4H2 16.256 865.8 ¯ ¯ 15
H2O 25.096 3148.2 ¯ 28.7 3 1023 8
CO2 26.100 639.6 ¯ 21.7 3 1023 16
NH3 27.863 2016 20.888 ¯ 10
NH4SH 75.678 2915.7 21.760 7.83 1024 10
CH4 1.627 553.1 1.002 24.1 3 1023 17
SH2 17.064 747 ¯ 22.9 3 1023 17
C2H6 10.136 521.4 ¯ ¯ 17
Fe 1.894 7097 ¯ ¯ 9
MgSiO3 11.554 4877.5 ¯ ¯ 9
770 Am. J. Phys., Vol. 72, No. 6, June 2004
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form clouds and at what pressure~altitude! the clouds form.
The cloud base is located wherePcl(Tcl)5PV(Tcl)/XC . In
Fig. 3 we show the vertical temperature profiles for ea
planetary atmosphere as well as the saturation vapor pres
curves for the different condensates. The crossing point
tween the thermal profile and the saturation pressure va
curve marks the cloud base. In some cases different con
sation lines have been plotted for the same molecule bec
they depend on values of the concentration of the gas tha
not well known or vary at different locations.

In Table III we list the values of the measured molar fra
tions of each planet condensate and the derived mean p
erties. Of course, the condensed phase~liquid or solid! de-
pends on the atmospheric temperature-pressure relation
on the condensate phase diagram. As an example, we a
the phase diagram in Fig. 2 the pressure-temperature ra
for the different planets where water forms. In the first c
umn in Table III we give the expected phase of the cor
sponding condensate.

An examination of the Earth’s atmosphere gives some
sight. The average temperature profile in the lower tro
sphere has a vertical temperature gradientG;6.5 K/km.2 We
use this value ofG in Eq. ~7! and the surface temperature an
pressure valuesT0 , P0 in Table I to find the empirical rela-
tion:

P~T!51.013S T~K !

288 D 5.2

. ~18!

The Earth’s molar mixing ratio for water~wet atmosphere! is
XC50.015. The saturation vapor pressure curve in Eq.~16!
for water can be obtained from Table II and Eq.~17!:

PV~T!5
1

0.015
expb25.0962

6823.15

T~K !
20.019T~K !c.

~19!

This system of equations~18! and ~19! is best resolved
graphically as can be seen in Fig. 3, which givesT5285 K

de-
770Sa´nchez-Lavega, Pe´rez-Hoyos, and Hueso
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Table III. Planetary atmospheres condensates~l5liquid, s5solid! and cloud characteristics. The quantities a
defined in Sec. IV.

Cloud and planet Xc mc

P
~bar!

T
~K!

H
~km!

Hc

~km! Hc/H
Density
~g cm23!

Gs

~K km21! Gs/Ga

Venus
SO4H2 ~l! 2.031026 98.08 1.0 348 7.4 1.1 0.15 4.53 1028 10.5 1.000
SO4H2 ~l! 2.031023 98.08 11.3 510 11.0 2.4 0.22 2.43 1024 9.3 0.880

Earth
H2O ~s! 2.531024 18.02 0.30 229 6.8 0.9 0.13 5.33 1027 9.4 0.957
H2O ~l! 0.015 18.02 0.96 285 8.4 1.5 0.18 5.93 1025 5.0 0.508

Mars
CO2 ~s! 0.95 44.01 2.031024 127 6.4 1.1 0.17 4.63 1026 0.77 0.17
H2O ~s! 3.031024 18.02 1.031023 190 9.6 1.3 0.14 2.53 1029 3.90 0.87

Jupiter
NH3 ~s! 2.031024 17.00 0.75 150 23 3.0 0.13 1.63 1026 1.93 0.967
NH4SH ~s! 3.631025 50.00 2.20 210 32 1.2 0.04 6.13 1026 1.90 0.948
H2O ~Galileo!~s! 5.031025 18.02 3.20 228 35 4.3 0.12 1.23 1026 1.98 0.990
H2O ~Solar! ~l! 1.731023 18.02 5.7 280 43 7.4 0.17 4.43 1025 1.73 0.867

Saturn
NH3 ~s! 2.031024 17.00 1.2 150 58 8.4 0.14 2.33 1026 0.68 0.970
NH4SH ~s! 3.631025 50.00 4.0 215 84 3.4 0.04 1.03 1025 0.67 0.954
H2O ~Solar! ~s! 1.731023 18.02 9.3 285 111 21.0 0.19 6.33 1025 0.62 0.883

Titan
CH4 ~s! 0.05 16.04 0.90 84 18 4.6 0.26 4.03 1024 0.59 0.456
C2H6 ~s! 1025 30.00 1.04 87 19 3.1 0.16 2.63 1027 1.3 0.995

Uranus
CH4 ~s! 0.02 16.04 0.7 68 28 5.9 0.21 1.93 1024 0.36 0.511
SH2 ~s! 3.731025 34.06 4.0 117 48 7.0 0.15 3.63 1026 0.70 0.994
NH3 ~s! 2.031024 17.00 15.0 169 69 11.1 0.16 2.33 1025 0.68 0.977
NH4SH ~s! 3.631025 50.00 50.0 240 99 4.5 0.05 9.93 1025 0.67 0.963
H2O ~s! 1.731023 18.02 200.0 350 144 36.0 0.25 8.43 1024 0.65 0.934

Neptune
CH4 ~s! 0.02 16.04 0.9 69 22 4.8 0.22 2.43 1024 0.440 0.520
SH2 ~s! 3.731025 34.06 3.8 117 38 5.5 0.15 3.43 1026 0.845 0.994
NH3 ~s! 2.031024 17.00 14.0 168 55 8.7 0.16 2.13 1025 0.830 0.977
NH4SH ~s! 3.631025 50.00 50.0 240 78 3.6 0.05 9.83 1025 0.820 0.963
H2O ~s! 1.731023 18.02 200.0 350 114 29.0 0.25 8.33 1024 0.790 0.933

HD209458b
MgSiO3 ~s! 7.5231025 100.4 2.4 1620 840 78 0.09 1.53 1026 0.58 0.974
Fe ~s! 6.7731025 55.84 3.2 1750 909 112 0.12 6.83 1027 0.59 0.987
on
h
e
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ac
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and P50.96 bar. If we use the hydrostatic approximati
Eq. ~4!, we can convert the pressure into height from t
surface leading to clouds at z;500 m. For a dry atmospher
the mixing ratio isXC52.531024 and clouds are formed a
z;10 km. As another example, the lower troposphere te
perature gradient for Venus isG;8 K/km,2 and we find
clouds atP;1 bar or P;11.3 bar depending on the loca
abundance of sulphuric acid. Their heights from the surf
are z;45 km andz;23 km, which reproduce the levels o
Venus’ main clouds.2

B. Cloud density and vertical extent

The vertical extent of the clouds can be derived using
~12! usingT05Tcl for the temperature at the cloud base,

PV~T!5PV,cl expF2
L~Tcl2T!

RVTTcl
G . ~20!
hys., Vol. 72, No. 6, June 2004
e
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e
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From Eq.~5! we haveTcl2T5(g/cp)(z2zcl) and because
(T2Tcl)/T!1 in general, we can takeT;Tcl , and write

PV~T!5PV,cl expF2
L~g/cp!~z2zcl!

RVTcl
2 G . ~21!

We define a vertical scale height for the cloud as

Hc5
RVTcl

2 cp

gL
. ~22!

A useful parameter for comparing the cloud vertical exte
among the different planets is the ratio of the cloud and
atmospheric scale heights,

Hc

H
5

cpTcl

L

RV

R
. ~23!
771Sa´nchez-Lavega, Pe´rez-Hoyos, and Hueso
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Fig. 3. The vertical temperature profile in the atmospheres of the planets is shown by a continuous line and is compared to the saturation vapor prescurves
for the condensates~dashed lines! for each planet. The points where the two curves cross mark the cloud base for the specific condensate. For Venus’
acid clouds and Earth’s and Jupiter’s water clouds, two saturation curves are given corresponding to two limiting abundance cases. Because of Menuous
atmosphere and seasonal variability, two vertical temperature profiles are given: one~right! is a yearly average profile, the other~left! is a cold profile
introduced to illustrate the CO2 atmospheric condensation.
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If we compare the data for the different planets given
Table III, we see that in generalHC /H;0.05– 0.2, and thus
cloudy layers are expected to be thin relative to the atm
spheric scale height.

The cloud density is the ratio of the condensate m
~mass mixing ratio times the atmospheric mass! to the total
volume:

rcl5mC

Pcl /g

Hc
. ~24!
772 Am. J. Phys., Vol. 72, No. 6, June 2004
-

s

Note thatrcl is the maximum cloud density because we ha
assumed that all the vapor in the atmosphere condenses
no precipitation. In general, Eq.~24! must be multiplied by a
factor ranging from 0.01 to 1 to treat a more realistic clo
density distribution.

C. Change in the temperature profile by cloud
condensation

The latent heat released during cloud formation heats
atmosphere locally, changing the vertical temperature gr
772Sa´nchez-Lavega, Pe´rez-Hoyos, and Hueso
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ent to a wet adiabatic gradient,GS . This gradient can be
obtained by another application of the Clausius–Clapey
equation. We start with the first law of thermodynamics a
the hydrostatic equation. We assume that only a single c
ponent condenses and that the amount of heat removed
an ascending parcel by the condensed phase is small
pared with that remaining in the parcel, a process referre
pseudo-adiabatic.6 At saturation, the amount of heat depo
ited in the condensing layer isdQ52LdmS , and the first
law of thermodynamics can be written as

cPdT52gdz2LdmS . ~25!

HeredmS is the change in the saturation mixing ratio of t
condensable gas, that is, the mass of the vapor that
denses out per gram of dry gas~formed by the noncondens
able species!. We take logarithms in Eq.~8!, differentiate,
and obtain

dmS

mS
5

dPV

PV
2

dP

P
. ~26!

If we use Eq.~12! for dPV /PV and the hydrostatic relation
ship for dP and introduce both in Eqs.~25! and ~26!, we
obtain the pseudo-adiabatic gradient

GS52
dT

dz
5

g

cp
•

~11LmS /R* T!

~11L2mS /cpRVT2!
. ~27!

Inside the cloud, the vertical temperature gradient beco
GS . It is always found thatGS<Ga , due to the latent hea
release at condensation. In Table III we give the value of
pseudoadiabatic gradient for the condensing clouds for e
planet. The ratioGS /Ga can be used to estimate the influen
that condensation and cloud formation have on the ther
structure of the planetary atmospheres.

V. ADDITIONAL COMMENTS ON PLANETARY
CLOUDS

A look at Table III shows that a large variety of clou
compositions and properties are present in planetary at
spheres. There are two cases where the clouds come
chemical reactions.5 One is the Venusian clouds composed
sulfuric acid (H2SO4) as the result of a reaction cycle b
tween SO2 and H2O as the main ingredients. The other ca
is that of ammonium hydrosulfide (NH4SH) clouds, which
are present in the giant and icy planets that result from
reaction between NH3 and SH2.

Some clouds are really exotic, such as when particles c
dense in the atmospheres of the giant extrasolar planets
are very close to their stars.3 These planets are nickname
‘‘hot Jupiters’’ because they are gas giants at high temp
ture~close to 1500 K! because of the intense stellar radiatio
In such hot environments, only clouds of refractory materi
like iron and enstatite (MgSiO3) are able to condense.9

Mars’ main condensate is a special case. The main at
spheric constituent (CO2) can condense when the temper
tures become low enough. Thus, in the polar areas, g
deposits of carbonic snow form during the winter seas
with the mean atmospheric pressure dropping when the
mospheric mass is removed~the Martian atmospheric pres
sure fluctuates following the seasonal cycle!.10 In addition,
the atmosphere usually has important quantities of dust li
from the ground by the blowing winds. A rare but importa
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event in this context is the large-scale dust storms that
velop when the winds are intense enough to lift and spr
the dust along the entire planet. Then surface markings
come invisible, but the reason is not the condensing clo
but the suspended dust.

The clouds predicted by thermochemical studies are es
tially colorless~white!. However, the visible clouds of Venu
and those of the giant planets show a faint color.1 The agent
that makes the Venusian clouds yellowish and the Jov
clouds brown or red is unknown. Most surely, these conta
nant molecules must be the result of nonequilibrium p
cesses in the atmosphere. In addition, the formation of h
altitude hazes by photochemical processes in the giant
icy planets, together with the absorption and Rayleigh sc
tering of the solar radiation by the gases, cause the vis
appearance of cloudy planetary atmospheres. The same
occurs on the satellite Titan which has a dense and vertic
extended reddish haze layer made of hydrocarbons.

A significant difference between the Earth and the ot
planets is that although the terrestrial clouds are compose
a single component, the giant and icy planets have a m
layer system of clouds with the composition changing w
altitude. Most clouds in planets are probably of the stratifo
type, as predicted by models5,10,11and found byin situ mea-
surements made by probes on Venus, Earth, Mars, and J
ter. The predicted vertical extent of these cloudy layers
always between 5% and 20% of the atmospheric scale he
(HC /H;0.05– 0.2). However, vertical mixing between th
layers resulting from dynamics is expected. It occurs
Earth most intensely during convective storms~cumulus
thunderstorms! which extend vertically a height (HC;H
;10 km), reaching the tropopause. There is evidence of c
vective water clouds on the giant planets Jupiter12,13 and
Saturn.14 However, there is an important difference with th
Earth. The condensate on Earth has a smaller molec
weight ~18 for water! than the bulk atmosphere~29 for air!,
but, in contrast, the condensates on the giant planets h
higher molecular weight than their light hydrogen bulk atm
sphere. This difference has important consequences for
vective storm development.14

Finally, we note that although Earth and Mars have par
cloud coverage, Venus, the giant planets and Titan, have f
cloud covered atmospheres.
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THE MEASUREMENT PROBLEM IN BASEBALL

The old National League umpire Bill Klem told a story about a batter who persisted in arguing
with him over the way he was calling balls and strikes. ‘‘Any idiot could see that last pitch was a
ball!’’ the batter screamed. ‘‘Listen,’’ Klem responded calmly. ‘‘Until I called it, it wasn’t any-
thing; it became a strike when I called it a strike.’’ I doubt if Klem was a student of Bohr’s
philosophy, but that remark summed it up beautifully.
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