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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 planet&o04©
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I. INTRODUCTION clouds and at what altitude will form in any plan&$ec.
VA). The data needed to perform these calculations for
ach planet are given in tabular form. A comparison between

dodeled and real clouds is presented for the Earth and Ve-

ﬁhown that m?‘st of the rp])lanlets and some massive satellitq&s_ The Clausius—Clapeyron equation also lets us obtain the
ave atmospheres with clouds and suspended aerosQlnected cloud density, vertical extent of the clouds, and

i ’2 i . . . .
particles:® Clouds are expected to be present in the new,qu the vertical temperature profile is modified by cloud
family of recently discovered giant extrasolar planets. Emaﬂon(secs' IVB and IV G. In Sec. V we discuss some

The study of the solar system with ground-based an

most cases the clouds determine the visual appearance Qionerties of clouds that cannot be treated in this study but
these bodies and serve as tracers of meteorological phenoiiai can be useful for teachers to know.

ena(see Fig. L Clouds also play an important role in deter-
mining the heat balance and global atmospheric dynamics.

Cloud formation is very complicated and involves manyll. VERTICAL TEMPERATURE PROFILE IN
facets of atmospheric science such as cloud particle physigsSTMOSPHERES
(microphysicé) and thermodynamics. Suspended particles in
the atmosphere can form from a variety of natural processes For simplicity, we assume the atmosphere to be at rest
including condensation, chemical and photochemical reacwith no heat transport by motigpnBecause it is in hydro-
tions, outgassing or lifting from the surfa¢dust, evapora- static equilibrium, the temperature will depend only on alti-
tion and sublimation, volcanic activityand particle bom- tude; this dependence is called the vertical temperature pro-
bardment of atoms and molecules in the upper atmospheréle. To calculate it simply we need to make additional
Except for the Earth, most of the fundamental aspects ofssumptions. We assume that the atmosphere obeys the ideal
cloud constitution and formation mechanisms on the planetgas law
are poorly known. However, the most massive clouds in  p_ p«1 (1)

; . p ,

planetary atmospheres form from the condensation of minor
atmospheric constituents. Thus, a simple approach to cloudhereP is the pressurel is the temperatures is the density
formation and to their basic properties in planets and satelef the gas, andR* is the specific gas constafthe universal
lites can be derived from fundamental physical assumptionggas constant divided by the mean atmospheric molecular
In this paper we compare the nature, location, and expectedeight ). Because the atmosphere is assumed to be in hy-
properties of the condensate clouds of planetary atmodrostatic balance, we have
spheres. We also give a practical example of the use of the dp
Clausius—Clapeyron equation which can be incorporated into —— — ~pg, 2)
courses on thermodynamics and meteorology. dz

We study those planets that possess massive atmospheferez is the vertical coordinate ang is the acceleration
(Venus, Earth, Mars, Jupiter, Saturn, Uranus, Nepiumeat-  que to gravity. Upon integration we obtain the altitude-
ellite of Saturn(Titan), and the best characterized extrasolarpressure relation, which requires knowledge of the vertical
planet(HD 209458). The comparison of planetary clouds temperature profild (z)
will help students gain a broad perspective on how different ’
types of condensate clouds can form under very different —g (z dZ
environments than that found on Earth. P(2)=Py EXF{R_* L T(Z)

To understand the physics of planetary clouds in terms of 0
a condensation process, we define the reference thermal stavBerePo=P(z;). The vertical temperature profile(z) de-
and chemical composition of the atmosphere in Sec. Il. Wgends on radiative and dynam{advective or convectiye
introduce the Clausius—Clapeyron equation in Sec. lll anenergy transfer. Here we concentrate on the troposplieze
express it in a useful form for atmospheric physics. At thisweather layer which is the atmospheric layer where the
stage we have all the necessary tools to explore what type ¢émperature decreases with altitudEr(dz<0) and most of

, ()
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Fig. 1. A panorama at visual wave-
lengths of the eight solar system bod-
ies (not to scalg¢ whose clouds’ prop-
erties are discussed in the text. From
left to right first row: Venus, Earth,
Mars, Titan(a satellite of Satun and

in the second row: Jupiter, Saturn,
Uranus and Neptune. Image composed
from NASA images.

the atmospheric mass resides and clouds form. We considaus, Mars, and Earihwere formed by the outgassing of

two situations: volatiles during their hot formation phase and have largely
(@ An isothermal atmospherd,(z) =T, so that Eq(3)  evolved in time. On the contrary, the giant planet atmo-
becomes spheres(Jupiter, Saturn, Uranus, and Nepturae practi-
cally of primordial origin, that is, their composition has re-
P(z)=P, ex;{ _ E), (4) mained practically unchanged si_nce the origin of our sole_lr
H system. Second, for the terrestrial planets and the satellite

Titan, we take forT, and P, the surface value$s andPg.
6—jowever, the atmospheres of the giant planets are outward
extensions of the fluid planetary bodies, extending deeply
into the interior and up to pressures ofL—2 Mbar, where
tmolecular hydrogen is converted gradually to a metalie:
uid) phase. Because no ground is present in these planets, we
take as reference valuégp=1 bar andT,=T(P,). In gen-
eral, the value ofl; is close to the equilibrium temperature
of the planet, that is, to the temperature that a planet would
have in thermal balance with the solar radiation. However,
the greenhouse effect modifies the surface temperature of the
terrestrial planetgéthe extreme case is Venusnd the inter-
T(z)=To—Ta(z—2p). (50  nal heat source modifiek, in Jupiter, Saturn, Neptune, and
probably in the giant extrasolar planets. Curiously, Uranus
does not have an internal energy sourcd gas the equilib-
Ta(z—20) 9/T ;R* © rium temperature due to solar radiation.

To '

Note that in real atmospheres the vertical temperature grad|“- THE CLAUSIUS —CLAPEYRON EQUATION

ent is Io'wer_tharl“a., as Iong.as condensation releases heat. T gases composing planetary tropospheres are volatile
This point will be discussed in Sec. IV C. Here we assume ggcayse of the low temperatures and pressures. The main
dry atmosphere where condensation occurs. EQUatiBns jntervening elements in their composition are C, H, O, N,
and (6) then give the dry adiabatic profile and S. They form molecules such as,ND,, H,, H,O,
T\ 9/TaR* CO,, CH,, NHs, and SH.® Those substances, or their re-
P(T)=P0(T—> (7)  action products, whose bond strength is weakest, tend to
0 form clouds at the lowest temperature by condensing from
In Table | we present the data for planetary atmospherethe gas phase to the liquid or solid phases. The abundance of
needed to calculate the averagP) or T(z) profiles. Some the condensable gases is measured in terms of the mass mix-
comments are necessary to clarify the values presented ing ratio mc=py/p (or the ratio of the vapor mass to the
Table I. First, the atmospheres of the terrestrial plafiéés  total mass Because the partial pressure of the condensable

where we have introduced the scale height R* T,/g. H
represents a useful length scale to characterize vertical m
tions in the atmosphere.

(b) For an adiabati¢an atmosphere for which there is no
heat exchangeand a dry atmosphere, we can use the firs
law of thermodynamics, Eq$l) and (2), and the fact that
Cp=Cy+R* to obtainl',= —dT/dz=g/c,, wherel', is the
adiabatic gradient and,(cy) is the specific heat at constant
pressure (volume (per unit masg* If we assumel,
=const(g is constant anat, does not depend on the tem-
perature, we have

If we substitute Eq(5) into Eqg. (3), we obtain

P(2)=Po|1-
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Table |I. Basic properties of planetary atmospheres. The quantities are defined in Sec. Il.

Planet or Main o R* Cp g I, To Po
satelite  componentg%) (gmol™d) Jg'K™ (@giK™ (ms?d (KKm?YH (K) (bap
Venus CQ (0.99 44.01 0.19 0.85 8.89 10.50 731 92
N, (0.039
Earth N (0.78 28.97 0.29 1.00 9.80 9.80 288 1.013
0, (0.21)
Mars CQ (0.953 44.01 0.19 0.83 3.74 4.50 214  0.07
N, (0.027
Jupiter H (0.869 2.22 3.75 12.36 24.25 2.00 165 1.00
He (0.136
Saturn H (0.89 2.14 3.89 14.01 10.00 0.70 134 1.00
He (0.14)
Titan N, (0.65-0.98 28.67 0.29 1.04 1.35 1.30 94 1.50
Ar (0.25-0
Uranus H (0.89 2.30 3.61 13.01 8.80 0.70 76  1.00
He (0.15
Neptune H (0.79 2.30 3.61 13.01 11.10 0.85 76  1.00
He (0.21)
HD 209458 H (1.0 2.00 4.16 14.00 8.00 0.60 1300 1.00

gases satisfieB,<P (total pressurg we can use Dalton’s compared to that of the vapor, that i¥,—V1~V,apor
and ideal gas equations to obtamc=eP,/P, where ¢ ~1/lpy=RyT/P, with Ry the specific gas constant for the
= uy/ e is the ratio between the vapor molecular weight andvapor. Then Eq(11) can be rewritten as

the mean atmospheric molecular weigint this contextme

is also called the specific humidjtyif saturation occurs, then dPy _ LPy
the saturated mass mixing ratio is given by a7 R,T2 (12)
ms(T,P)=¢ PV(T), (8)  Which is the approximate form of the Clausius—Clapeyron
P equation employed in introductory meteorological
textbooks>” If we integrate Eq(12) with L= const, we ob-

where P\(T) is the saturated vapor pressure. The relativ
humidity is  defined as f(T,P)=100P/Py(T)
=100(mc/mg). Another way to measure the abundance of a 1 1
gas mixture is by means of the volume mixing rataso Pu(T)=Pyo exr{L(F— ﬁ)
called the molar mixing ratio or mole fractipn vio TV

Gain

: (13

V. P where Py is the saturation vapor pressure at temperature
C p Mc .
=—=-P=-_= (99  To. A more accurate expression for the latent heat can be

C
v P € obtained by integrating the relatidn
Note that in general for a mixture afgases with volume IL
mixing ratiosX;, we have —| =ACp, (14
aT/,
M:zi BiXi - (10) where ACp is the change of the specific heat between the

two phases. In the following denotes an increment. If we
The slope of the vapor pressure cur@g(T) in Eq. (8)  expand the specific heat for each phaseCaéT)=a+ ST
marks the phase transition where two phases are in equilib+---, we obtain
rium and is known as the Clausius—Clapeyron equdtion, A
dPy L L=Lo+AaT+ TBTZJF o(T®), (15)
dT  T(V,—Vp)' (12)

. - . whereL is an integration constant, and 8 are empirically
whereL is the latent heat of the phase transitim Jg™°)  getermined constants for each phase, Aadand A indi-
and V;=1/p; is the specific voluméphase Fvapor phase, cate the change of the constantsand 8 between the two

2=liquid or ice phasg In Fig. 2 we show the pressure- phases. We combine Eg&l2) and (15) to find the general
temperature phase diagram for water, which is a commoform for the saturation vapor pressure curve:

liquid in planetary atmospheres.

A useful approximation to Eq11) can be obtained under In(Py)=In(C)
the following assumptions: the temperature variations in the 1 L AB
latent heat can be neglected, the vapor is an ideal gas, and the i 2P 2
specific volume of the liquid or solid phases is neglected - Ry| T FAalnT+ 2 T+0(T9)|. (16
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In this paper we will use the saturation vapor pressurdorm clouds and at what pressuiatitude the clouds form.
curves for each molecule as determined empirically for theThe cloud base is located whelg (T ) = Py(T¢)/Xc. In
vapor-liquid or vapor-solid equilibrium transitions in the Fig. 3 we show the vertical temperature profiles for each
range of temperatures found for each planet. In Table Il weplanetary atmosphere as well as the saturation vapor pressure

give the appropriate values for the coefficients in Ed). curves for the different condensates. The crossing point be-
tween the thermal profile and the saturation pressure vapor
V. CLOUDS IN PLANETARY ATMOSPHERES curve marks the cloud base. In some cases different conden-

sation lines have been plotted for the same molecule because
they depend on values of the concentration of the gas that are

We shall assume that condensation and cloud formatioR©t Well known or vary at different locations.
takes place whenever the partial pressBigof the vapor In Table Il we list the values of the measur_ed molar frac-
exceeds the saturation vapor pressBéT), that is, when tions of each planet condensate and the derived mean prop-

supersaturation occur@ process known as homogeneousemes' Of course, the co_ndensed phéigiid or solid d?'
condensation pends on the atmospheric temperature-pressure relation and

on the condensate phase diagram. As an example, we add to
Po=XcP(T)=Py(T). a7 the phase diagram in Fig. 2 the pressure-temperature ranges
for the different planets where water forms. In the first col-

ity, f, of the condensing layer is greater than 100%. Thus, fopmn in Table Il we give the expected phase of the corre-

a given atmosphere, a comparison of its temperature verticgpond'ng cz_)nd_ensate. ) . .
. . . . . An examination of the Earth’s atmosphere gives some in-
profile T(P) as given in Sec. Il, with the saturation vapor

. sight. The average temperature profile in the lower tropo-
pressure curv®y(T)/Xc, tells us which gases condense 10 gphere has a vertical temperature gradiens.5 K/km?2 We

use this value of in Eq. (7) and the surface temperature and
Table Il. Saturation vapor pressure and latent heat. The quantities are dQ-reSSUfe value§o, Po in Table | to find the emplrlcal rela-

A. Condensation level and cloud formation

Equation(17) is equivalent to stating that the relative humid-

fined in Sec. Ill. tion:
5.2
In(C) Lo Aa ABI2 P(T)=1.01 T(K) 19
Component (Cinbars Jgh Jg'K™l JgiK? Reference ) 288 )
SOH, 16.256 8658 - T 15 The Earth’s molar mixing ratio for watéwet atmosphepes
géz gg"ggg 323985 A 18,3 186 Xc=0.015. The saturation vapor pressure curve in &)
NHs 27863 2016  —0.888 10 for water can be obtained from Table Il and Efj7):
NH,SH 75.678 29157 —1.760 7.8x 1074 10 1 682315
CH, 1.627 553.1 1.002 —4.1x10°° 17 P (T)= ——exd25.096- —'_0_019|- K)|.
SH, 17.064 747 o —29%x10°°% 17 v(1=501s T(K) (K)
CHe 10.136 5214 .- o 17 (19
F 1.894 7097 9 _ . .
MegSi03 11554 48775  --- 9 This system of equation$l8) and (19) is best resolved

graphically as can be seen in Fig. 3, which giVes 285K
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Table Ill. Planetary atmospheres condensétetiquid, s=solid) and cloud characteristics. The quantities are
defined in Sec. IV.

P T H  H Density rs

Cloud and planet X e (ban (K) (km) (km) HJH (gem® (Kkm™Y) TyT,
Venus

SO4H, () 2.0x10°% 98.08 1.0 348 7.4 1.1 015 4%10% 105 1.000
SO4H, () 2.0x10°% 98.08 11.3 510 11.0 24 0.22 24107 9.3 0.880
Earth

H,0 (9) 2.5x10°* 18.02 0.30 229 6.8 0.9 0.13 5381077 9.4 0.957
H,O (1) 0.015 18.02 0.96 285 84 15 0.18 5910 ° 5.0 0.508
Mars

CO; (9 0.95 4401 2.x10°% 127 6.4 11 017 4.&10°°% 0.77 0.17
H,0 (9) 3.0x107% 18.02 1.0x10°% 190 9.6 1.3 0.14 2.%X10°° 3.90 0.87
Jupiter

NH; (s) 2.0x10°* 17.00 0.75 150 23 3.0 0.13 1610°°% 193 00967
NH,SH () 3.6x10°° 50.00 2.20 210 32 1.2 0.04 6X10°% 190 0.948

H,O (Galileo)(s) 5.0x107° 18.02 3.20 228 35 43 012 1210°% 198 0.990
H,O (Solap (1) 1.7x10°% 18.02 5.7 280 43 7.4 017 4x10° 173 0.867

Saturn

NH; (s) 2.0x10°* 17.00 1.2 150 58 8.4 0.14 2:810°° 068 0.970
NH,SH (9) 3.6X10°° 50.00 4.0 215 84 34 0.04 10X10° 067 0954
H,O (Solap ()  1.7x10°% 18.02 9.3 285 111 21.0 0.19 6x810°° 0.62 0.883
Titan

CH, (9 0.05 16.04 0.90 84 18 4.6 0.26 4x010°* 0.59 0.456
C,Hs (9 10°° 30.00 1.04 87 19 31 016 26107 13  0.995
Uranus

CH, (s) 0.02 16.04 0.7 68 28 59 021 1910% 0.36 0511
SH, () 3.7x107% 34.06 4.0 117 48 7.0 0.15 3%10°% 070 0.994
NH; (s) 2.0x10°* 17.00 15.0 169 69 11.1 0.16 2x810°° 0.68 0.977
NH,SH () 3.6x10°° 50.00 50.0 240 99 45 0.05 90105 067 0.963
H,O (s) 1.7x10°% 18.02  200.0 350 144 36.0 0.25 8410 % 0.65 0.934
Neptune

CH, (9 0.02 16.04 0.9 69 22 4.8 0.22 2x410°* 0.440 0.520
SH, () 3.7x107° 34.06 3.8 117 38 55 0.15 3410°°% 0.845 0.994
NH; (s) 2.0x107* 17.00 14.0 168 55 8.7 0.16 2x10°° 0.830 0.977
NH,SH (9) 3.6x10°% 50.00 50.0 240 78 3.6 0.05 9:810°° 0.820 0.963
H,O (s) 1.7x10°3% 18.02  200.0 350 114 29.0 0.25 8310°* 0.790 0.933
HD209458b

MgSiO; (9) 7.52x107° 100.4 2.4 1620 840 78 0.09 1510° 058 0.974
Fe(s) 6.77x107% 55.84 3.2 1750 909 112 0.12 68107 0.59 0.987

and P=0.96 bar. If we use the hydrostatic approximationFrom Eq.(5) we haveT;—T=(g/c,)(z—z) and because
Eqg. (4), we can convert the pressure into height from the(T—T)/T<1 in general, we can také~T, and write
surface leading to clouds at-500 m. For a dry atmosphere

the mixing ratio isXc=2.5x 10”4 and clouds are formed at L(g/cy)(z—2y)

z~10km. As another example, the lower troposphere tem-  Py(T)=Py ¢ exg — R T2 (21
perature gradient for Venus iE~8 K/km? and we find Vicl

clouds atP~1 bar orP~11.3bar depending on the local : : ;

abundance of sulphuric acid. Their heights from the surfacé’ve define a vertical scale height for the cloud as

are z~45km andz~23 km, which reproduce the levels of R.T2.c

Venus’ main cloud$. C:% (22)

B. Cloud density and vertical extent A useful parameter for comparing the cloud vertical extent
The vertical extent of the clouds can be derived using Eqamong the different planets is the ratio of the cloud and the
(12) usingTy=T,, for the temperature at the cloud base, —atmospheric scale heights,

L(Te—T) He c¢,Tg R
— _ _“plcl RV
PV(T) PV,C| exﬁ{ RVTTC| (20) -, — —

H L R
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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 vapavpeessure

for the condensatdslashed linesfor each planet. The points where the two curves cross mark the cloud base for the specific condensate. For Venus’ sulphuric
acid clouds and Earth’s and Jupiter’'s water clouds, two saturation curves are given corresponding to two limiting abundance cases. Becaussuotislars’ t
atmosphere and seasonal variability, two vertical temperature profiles are givefrighieis a yearly average profile, the oth@eft) is a cold profile
introduced to illustrate the CQatmospheric condensation.

If we compare the data for the different planets given inNote thatp, is the maximum cloud density because we have

Table 1ll, we see that in generbtdc/H~0.05-0.2, and thus assumed that all the vapor in the atmosphere condenses with

cloudy layers are expected to be thin relative to the atmono precipitation. In general, E¢R4) must be multiplied by a

spheric scale height. factor ranging from 0.01 to 1 to treat a more realistic cloud
The cloud density is the ratio of the condensate massensity distribution.

(mass mixing ratio times the atmospheric massthe total

volume: C. Change_ in the temperature profile by cloud
condensation
pd:mCPL/g_ (24) The latent heat released during cloud formation heats the
He atmosphere locally, changing the vertical temperature gradi-
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ent to a wet adiabatic gradienf,s. This gradient can be event in this context is the large-scale dust storms that de-
obtained by another application of the Clausius—Clapeyrowelop when the winds are intense enough to lift and spread
equation. We start with the first law of thermodynamics andthe dust along the entire planet. Then surface markings be-
the hydrostatic equation. We assume that only a single contome invisible, but the reason is not the condensing clouds
ponent condenses and that the amount of heat removed frobut the suspended dust.

an ascending parcel by the condensed phase is small com-The clouds predicted by thermochemical studies are essen-
pared with that remaining in the parcel, a process referred délly colorless(white). However, the visible clouds of Venus
pseudo-adiabati® At saturation, the amount of heat depos- and those of the giant planets show a faint col@he agent

ited in the condensing layer i8§Q=—Ldmg, and the first that makes the Venusian clouds yellowish and the Jovian

law of thermodynamics can be written as clouds brown or red is unknown. Most surely, these contami-
nant molecules must be the result of nonequilibrium pro-
cpdT=—gdz—Ldms. (25 cesses in the atmosphere. In addition, the formation of high

Heredms is the change in the saturation mixing ratio of the altitude hazes by photochemical processes in the giant and
condensable gas, that is, the mass of the vapor that coffY Planets, together with the absorption and Rayleigh scat-
denses out per gram of dry géisrmed by the noncondens- tering of the solar radiation by the gases, cause the visual

able species We take logarithms in Eq(8), differentiate, ~apPpearance of cloudy planetary atmospheres. The same also
and obtain occurs on the satellite Titan which has a dense and vertically

extended reddish haze layer made of hydrocarbons.

A significant difference between the Earth and the other
planets is that although the terrestrial clouds are composed of
i i a single component, the giant and icy planets have a multi-
If we use Eq.(12) for dPy/Py and the hydrostatic relation- |ayer system of clouds with the composition changing with
ship for dP and introduce both in Eq425) and (26), we  gaftitude. Most clouds in planets are probably of the stratiform

dmg dP, dP
—_— = (26)
Mg Py P

obtain the pseudo-adiabatic gradient type, as predicted by modéf¥**and found byin situ mea-
dT g (1+Lme/R*T) surements made by probes on Venus, Earth, Mars, and Jupi-
lg=———=—- 5 o (27)  ter. The predicted vertical extent of these cloudy layers is
dz ¢, (1+L2mg/c,RyT?) always between 5% and 20% of the atmospheric scale height

Inside the cloud, the vertical temperature gradient becomeldic/H~0.05-0.2). However, vertical mixing between the
Ts. It is always found thal's<T',, due to the latent heat layers resultl'ng from dynemlcs is expected. It occurs on
release at condensation. In Table Il we give the value of th&arth most intensely during convective storf@imulus
pseudoadiabatic gradient for the condensing clouds for eadfunderstorms which extend vertically a heightHc~H
planet. The ratid s/T', can be used to estimate the influence ~10 km), reaching the tropopause. There is evidence of con-

that condensation and cloud formation have on the therma{éctive water clouds on the giant planets Jupftét and
structure of the planetary atmospheres. Saturn.” However, there is an important difference with the

Earth. The condensate on Earth has a smaller molecular
weight (18 for watej than the bulk atmosphe(@9 for ain),
V. ADDITIONAL COMMENTS ON PLANETARY but, in contrast, the condensates on the giant planets have
CLOUDS higher molecular weight than their light hydrogen bulk atmo-
) sphere. This difference has important consequences for con-
A look at Table Il shows that a large variety of cloud yective storm developmefit.
compositions and properties are present in planetary atmo- Finally, we note that although Earth and Mars have partial

spheres. There are two cases where the clouds come frogloud coverage, Venus, the giant planets and Titan, have fully
chemical reactionsOne is the Venusian clouds composed of cjoud covered atmospheres.

sulfuric acid (HSO,) as the result of a reaction cycle be-
tween SQ and HO as the main ingredients. The other case
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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 arquing
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 | called it, it wasn’t any
thing; it became a strike when | called it a strike.” | doubt if Klem was a student of Bohr’s

philosophy, but that remark summed it up beautifully.

Morton Tavel, Contemporary Physics and the Limits of Knowled@utgers University Press, New Brunswick
NJ, 2002, p. 212.
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