AAAS-Newcomb Cleveland Prize
To Be Awarded for a Report Published in Science

The AAAS-Newcomb Cleveland Prize, which previously hon-
ored research papers presented at AAAS annual meetings, is now
awarded annually to the author of an outstanding paper published
from September through August in the Reports section of Science.
The second competition year under the new rules starts with the 2
September 1977 issue of Science and ends with that of 25 August
1978. The value of the prize is $5000; the winner also receives
a bronze medal.

To be eligible, a paper must be a first-time publication of the
author’s own research. Reference to pertinent earlier work by the
author may be included to give perspective.

Throughout the year, readers are invited to nominate papers ap-
pearing in the Reports section. Nominations must be typed, and

the following information provided: the title of the paper, issue in
which it was published, author’s name, and a brief statement of
justification for nomination. Nominations should be submitted to
AAAS-Newcomb Cleveland Prize, AAAS, 1515 Massachusetts
Avenue, NW, Washington, D.C. 20005. Final selection will rest
with a panel of distinguished scientists appointed by the Board of
Directors.

The award will be presented at a session of the annual meeting at
which the winner will be invited to present a paper reviewing the field
related to the prizewinning research. The review paper will subse-
quently be published in Science. In cases of multiple authorship,
the prize will be divided equally between or among the authors;
the senior author will be invited to speak at the annual meeting.

Reports

Carbon Monoxide on Jupiter and Implications

for Atmospheric Convection

Abstract. A study of the equilibrium and disequilibrium thermochemistry of the
recently discovered carbon monoxide on Jupiter suggests that the presence of this
gas in the visible atmosphere is a direct result of very rapid upward mixing from
levels in the deep atmosphere where the temperature is about 1100°K and where
carbon monoxide is thermodynamically much more stable. As a consequence the
observed carbon monoxide mixing ratio is a sensitive function of the vertical eddy
mixing coefficient. We infer a value for this latter coefficient which is about three to
four orders of magnitude greater than that in the earth’s troposphere. This result
directly supports existing structural and dynamical theories implying very rapid con-
vection in the deep Jovian atmosphere, driven by an internal heat source.

Carbon monoxide (CO) was recently
detected in the atmosphere of Jupiter by
Beer (1), utilizing ground-based observa-
tions with a high-resolution Fourier
transform interferometer-spectrometer
in the 5-um wavelength region. This de-
tection has now been confirmed by Lar-
son et al. (2), using similar instrumenta-

“tion on the Kuiper Airborne Observa-
tory. Both observers estimate that the
volume mixing ratio for CO is about 10?
if they assume that the gas is well mixed,
but this assumption has been questioned
because it implies a rotational temper-
ature of roughly 210°K for CO (3). The
discovery of CO is of considerable inter-
est for, like the earlier discoveries of
C,H,, C,Hg, and PH, , 5), it provides
direct evidence for chemical dis-
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equilibrium in Jupiter’s atmosphere (6,
7). These various gases are all predicted
to have negligible concentrations in the
visible atmosphere when we assume
thermochemical equilibrium (8).

In a general sense we can identify a
number of possible mechanisms where-
by the observable CO concentrations on
Jupiter could be substantially enhanced
relative to the thermochemical equilibri-
um values. One such mechanism in-
volves CO production by photochemical
oxidation of CH, in the upper atmo-
sphere. Such oxidation is well known as
a source of CO in the earth’s atmosphere
(9). However, the only suitable oxidizing
agents in the upper atmosphere of Jupi-
ter are free radicals such as OH derived
from dissociation of H,O. Direct photo-

dissociation of Jovian water vapor is es-
sentially inhibited because photons ca-
pable of dissociating H,O do not pene-
trate down to levels where there are
significant H,O concentrations (10).
Without somewhat arbitrarily assuming
convective injection of Jovian water-
cloud particles into the upper atmo-
sphere or an extra-Jovian source for up-
per atmospheric H,O, production of OH
by photolysis of H,O therefore appears
to be inhibited. Dissociation of H,O
lower in the atmosphere by hot H atoms
which are produced by H,S photodisso-
ciation (1) or by lightning and thunder
shock waves are two other possible OH
sources. However, Jovian H,O still has
very low concentrations at the levels
where the hot atoms are being produced,
and the hot atoms themselves are almost
immediately quenched by collisions with
H, and He ({2). In addition, in analogy
with our own atmosphere, the vertical
energy flux associated with lightning and
thunder on Jupiter is only about 0.1 per-
cent of the solar ultraviolet flux and a sig-
nificant fraction of this flux is inoperative
in the breaking of chemical bonds (13).

Another mechanism for producing CO
in the visible atmosphere—one which we
will demonstrate is, in fact, adequate—
involves very rapid vertical mixing in the
hot lower atmosphere. This allows the
CO formed by thermochemical oxidation
of CH, at high temperatures to be mixed
up to visible levels (12). We argue here
that the observation of CO, assuming it
is well mixed, can be used to make a
quantitative estimate of the strength of
vertical mixing in Jupiter’s atmosphere.
If the CO is not well mixed our analysis
will apply only to the well-mixed com-
ponent.

Before discussing the details of the lat-
ter mechanism we must establish what
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Fig. 1 (left). Predicted mixing ratios of species important in CO chemistry in the deep Jovian atmosphere. We assume thermochemical equilibrium
in a solar-composition model of Jupiter with an adiabatic lapse rate. At each level in the atmosphere the temperature, pressure, and depth below

the 1-bar, 175°K level are indicated.

Fig. 2 (right). Values of the vertical eddy diffusion coefficient K in the deep Jovian atmosphere required

to give various values for the well-mixed CO mixing ratio f., in the observable portion of the atmosphere.

the CO abundance is in thermochemical
equilibrium. A detailed study of chem-
ical equilibrium on Jupiter involving
more than 300 compounds of 22 abun-
dant or volatile elements has recently
been completed (/4). This study utilizes
a model Jovian atmosphere containing
the elements in solar composition (15).
An adiabatic temperature lapse rate (16),
as implied by radiative-dynamical equi-
librium calculations (I7), was assumed
below the 1-bar level. Earth-based and
spacecraft data indicate a temperature at
the latter level of 175°K (I18). We are in-
terested here in the results of this study
for the important carbon-containing
compounds CO, CO,, CH,O, CHO,
CH,, C,H,, CH;, and C,H, and also for
H, OH, and H,O. The computed concen-
trations of these various species are
shown in Fig. 1 along with the relation-
ship between altitude, pressure, and
temperature used in the model atmo-
sphere.

If we assume that CO is well mixed we
expect a rotational temperature of about
210°K for the observed CO on Jupiter. In
comparison, the volume mixing ratio for
CO in thermochemical equilibrium at the
210°K level is 6 X 10746, or some 36 or-
ders of magnitude less than the observed
value. Clearly, the observations imply
the existence of a potent disequilibrating
mechanism.

In developing our explanation for the
appearance of CO in the visible atmo-
sphere we must obtain a rough estimate
for the rate of irreversible reduction of
CO to CH, on Jupiter. The high-temper-
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ature kinetics of mixtures of CO, H,, and
0O, and of CH, and O, have been studied
in some detail by combustion chemists
(19). Reaction paths in the hydrogen-rich
but oxygen-deficient Jovian atmosphere
will, of course, differ from those in the
latter studies, but the rate constants of
all the elementary reactions will remain
the same.

In our study of the ‘expected reaction
paths on Jupiter we have found it conve-
nient to divide the abundant carbon-con-
taining compounds into two distinct fam-
ilies: oxidized carbon, comprising those
with a carbon-oxygen bond (such as
CHO, CO, CO,, and CH,0), and re-
duced carbon, comprising those without
(such as CH,, C,Hg, CHj3, and C,H,). Us-
ing measured rate constants (19, 20) and
the concentrations shown in Fig. 1, we
find that conversions within each family
are generally very rapid at temperatures
at or above 1100°K. For example, in the
oxidized carbon family the reactions

CO+ H, + M —- CH, 0+ M
CH,0+ M —- CO + H, + M

CO+H+M—->CHO+M
CHO+M - CO+H+M
CO + OH — CO, + H
CO, + H - CO + OH

where M is another atom or molecule,
enable conversions between CO, CO,,
CH,0, and CHO to occur on time scales
shorter than any feasible time scales for
vertical transport. Thus the relative con-
centrations of these four species should

always closely approximate their ther-
mochemical equilibrium values. Similar-
ly, the reactions

CH,+M > CH, + H+ M
CH, +H+M—->CH,+ M
C,H, + M — CH, + CH, + M
CH; + CH; + M — C,H,; + M

permit sufficiently rapid conversions be-
tween CH;, C,Hg, and CH, in the re-
duced carbon family (20).

In contrast to this situation, we have
found that conversions from one carbon
family to the other are a good deal slow-
er. Available kinetic data (/9) imply that
oxidized carbon will be converted to re-
duced carbon on Jupiter by the reactions

H, + CH,O - OH + CH; (1)
H + CH,O0 — O + CH; 2
OH + CH,O0— O, + CH; (3)

We have computed the rate constants for
these three reactions, using the mea-
sured rate constants for the reverse reac-
tions (/9) together with their appropriate
equilibrium constants (/4). Reaction 1 is
much more important than reactions 2
and 3 because of the large excess of H,.
The rate constant k computed for reac-
tion 1 is
k=23 x 1071

( 36,200) R

xp| ——=— | cm?® sec
T

Since CO and CH, are, respectively, the
dominant forms of oxidized and reduced
carbon, the rate of conversion of CO to
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CH, can be equated with the rate of reac-
tion 1. Thus the lifetime #.pe, of CO in an
air parcel containing a large excess of
CO over its equilibrium value (21) can be
expressed as

[CO]
kH.] [CH,0]

where the square brackets denote the
number concentrations of the particular
molecules. To compute these ?.eyn val-
ues we use the fact that the relative con-
centrations of CO and CH,O will be
close to their equilibrium values.

We are now in a position to discuss the
effects of vertical mixing on CO concen-
trations. To facilitate this discussion we
have divided the atmosphere into two re-
gions. One lies below the altitude z = 0,
and all species in this lower region are
assumed to be in thermochemical equi-
librium. In practical terms, z = 0 will im-
ply that Zchem = feonv» Where .oy is the
time constant for vertical mixing. The
other region lies above z = 0, and in this
upper region we can conveniently write
the CO destruction rate as

[CO] _ [COJO)  ( z
- tchem(o) exp( hchem)

where the ‘‘chemical scale height’ /cpem
is given by

ehem ==

tchem

[CO] tchem*l
d
—;l; ([CO] fchemnl)

hchem -

To predict the CO volume mixing ratio
fco in the region above z = 0, we must
solve the following equation, which ex-
presses the continuity of mass for CO

£ lree( 5 %)

Jeo(0)

€Xpt — z .
tchem(()) p{ hchem.]

Here H is the atmospheric ‘‘density
scale height’” and K is the vertical eddy
diffusion coefficient. The two boundary
conditions necessary for solution of this
continuity equation are foo = fio(0) at
z = 0 and fco finite and positive as z ap-
proaches infinity. Noting that t.,.m(0) =
teonv and that #.,,, is given approximately
by
H‘z

feony = —K
the resultant expression for fr, when
0 < hehem < H is 22)

2
h chem

Jeo = fco(O)(l - m )

1ol (s -5 )
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Since h2pem << H? (23), this equation
tells us that f in the visible atmosphere
(that is, at z >> H) is not much less than
at z = 0. In essence, once feem ~ feonv»
vertical mixing results in CO in an air
parcel being chemically quenched by ris-
ing a distance from z = 0 which is con-
siderably less than H.

If we regard K as an unknown quantity
we can identify the level z = 0 for each
K value by finding where #.,.m = H?/K.
We can then obtain f((0) at this same
level from the thermochemical equilibri-
um calculations presented in Fig. 1. In
this manner we obtain the f.o(0) value
corresponding to each K value. The re-
sults are illustrated in Fig. 2. Since the
observed f., value is approximately
fco(0), Fig. 2. demonstrates the depen-
dence of the observed CO concentra-
tions on the K value in the deep atmo-
sphere. From observations (I, 2)
Jeo= 107 which implies K=12 x 108
cm?® sec™!. The corresponding temper-
ature at z = 0 is 1064°K. By way of com-
parison, K = 105 cm? sec™! in the terres-
trial troposphere. In view of the several
assumptions and approximations we
have made, we caution that this result
should be regarded only as indicating the
order of magnitude of K in the deep at-
mosphere. A detailed laboratory study of
the high-temperature reduction of CO to
CH, by H, will be necessary before bet-
ter accuracy can be obtained.

Recent measurements from Pioneer 10
(24) confirm earlier earth-based observa-
tions (25) suggesting that Jupiter emits at
thermal wavelengths about twice the en-
ergy it receives from the sun at visible
wavelengths. The internal heat source
implied from these observations has
been used to argue that Jupiter is a con-
vective fluid throughout most of its inte-
rior (26). The required K value can be
calculated from theories for free con-
vection and is about 107 to 10° cm? sec™!
in Jupiter’s deep atmosphere (27). Con-
sidering the approximations we have
made, the agreement between our de-
duced K value and the latter theoretical
values must be regarded as surprisingly
good. The observation of CO on Jupiter
has thus provided independent evidence
for very rapid vertical mixing in its deep
atmosphere.

The mechanism proposed here for pro-
ducing nonequilibrium concentrations of
CO in the atmosphere should also apply
to a large number of other molecules.
This mechanism has already been used
to explain the observation of PH, (27). It
has been advanced for GeH, (J2), which
has also recently been observed (5). If
CO, has a chemical time constant similar
to that of CO, then its observed mixing

ratio should be roughly that at the
1100°K level, which from Fig. 1 is 5§ x
102, Larson et al. (2) place an observa-
tional upper limit on CO, of 67 times the
observed CO value. A complete list of
the mixing ratios of abundant species in
chemical equilibrium in the region be-
tween 800° and 1500°K on Jupiter is giv-
en elsewhere (I4). Since some or all of
these species may be transported up to
visible regions of the atmosphere, they
could be observable by remote spectros-
copy or by an entry-probe mass spec-
trometer.
RoNALD G. PRINN

Department of Meteorology,
Massachusetts Institute of Technology,
Cambridge 02139

STEPHEN S. BARSHAY
Departments of Chemistry and
Earth and Planetary Sciences,
Massachusetts Institute of Technology
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Minimum Size of Mammalian Homeotherms:

Role of the Thermal Environment

Abstract. The minimum size of a mammalian homeotherm appears to be related to
the animal’s maximum rate of endogenous heat production, the ambient thermal
environment, and the animal’s ability to be a facultative homeotherm.

Pearson (/) analyzed data for metabo-
lism of shrews and small mice and con-
cluded that because metabolic rates per
unit of body mass become increasingly
large for smaller and smaller mammals,
there exists a lower limit to mammalian
size beyond which metabolic rates would
become impossibly large. Indeed, his
analysis predicted that the smallest
mammal should be approximately the
size of the smallest shrew (approximate-
ly 2.5 g). In this report I extend the work
of Pearson to ask, Is the minimum size
of mammalian homeotherms entirely a
property of the animals, or is it, in part,
determined by the thermal environment?

Fig. 1. Metabolic
rates (M) of homeo-
therms as a function
of body mass (m).
Minimum metabolic
rates of (®) small
mammals at thermo-
neutrality (12), (&)
shrews held at 24°C
(1), and (@) small
mammals held at 0°C
(2). The best-fit equa-
tion for mammals at
thermoneutrality  is
M = 0.033m™% (r? =
.48); the best fit for
shrews at 24°C, M =
0.103m 047 r? =
.96); and the best fit o

0.08

0.06

0.04}

Metabolic rate (watt/g)

Many additional data now have been
accumulated on the minimum metabolic
rates of small mammals (Fig. 1). The
relationship between minimum metabol-
ic rate and body size in thermoneutrality
is essentially linear (+? = .42), although
a power function provides a slightly
better fit (2 = .48; see Fig. 1 for re-
gression). The smallest (about 7 g) adult
mammals (excluding shrews and bats)
have metabolic rates that are only one-
third the rate reported (2) for the masked
shrew.

The metabolism-body mass relation-
ships for most homeotherms do not show
the dramatic increase in metabolism near

for mammals at 0°C, 0
M =0.2Tm %% (2=
.92).
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the minimum size of mammalian homeo-
therms that has been reported for
shrews (/). This is partly because the
metabolic data for shrews were all deter-
mined for animals held at 24°C, which is
lower than thermal neutrality for all
shrews (3). Thus, the experimental con-
ditions were cold enough that the ani-
mals responded with elevated metabolic
rates to maintain homeothermy. Because
the amount of cold stress to the shrews is
related inversely to body size, smaller
and smaller shrews had higher and high-
er metabolic rates. However, it is not so
clear that very small shrews would nec-
essarily have extraordinarily high meta-
bolic rates if subjected to conditions of
thermal neutrality, and, indeed, there are
some data showing that British shrews
have metabolic rates (at rest and during
activity) that are not different from those
of similarly sized mice ¢).

For several reasons related to heat
transfer from organisms (namely, that
the surface area/body mass ratio of ho-
meotherms is greater in smaller animals,
and that the convective boundary layer
of still air around any animal is thinner
for smaller animals), smaller body size
(with all other things held constant) is
usually related to greater heat losses
from animals. That the minimum meta-
bolic rates (heat production) relative to
body size for small mammals do not
show a dramatic increase as body size
becomes smaller (5) indicates that very
small mammals need not have extraordi-
narily high rates of metabolic heat pro-
duction to remain homeothermic. How-
ever, the range of thermal environments
in which an animal can maintain a mini-
mum metabolic rate and a constant body
temperature becomes smaller for smaller
animals, such that an infinitely small ani-
mal can maintain a constant body tem-
perature only in a perfectly constant
thermal environment. Thus, a very small
animal can be homeothermic if (i) it has
the capacity for extraordinarily high heat
production (6), or (ii) it has the capacity
for precise body temperature regulation
through nanoclimate selection and possi-
bly the ability to be facultatively homeo-
thermic. The former seems to describe
endothermic mammals and birds, and
the latter tends to describe numerous
reptiles and insects.

How, then, can one predict the mini-
mum size of endothermic homeotherms?
The answer is that it is not possible to
predict the smallest size of endothermic
homeotherms without also specifying the
environment in which the animal exists.
Homeotherms theoretically can be in-
finitely small (in thermoneutral environ-
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