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RADIATIVE TRANSFER IN A DENSE WATER VAPOR ATMOSPHERE
James Alcxander'Coakley, Jr.
Lawrence Berkeley Laboratory
University of California
Berkeley, California
Septembér 1972
ABSTRACT |

cAn_approximate'mean absorption coefficient was obtained
for the pure rotation spectrum of H20 from the Fourier
transform of the molecular dipole autocorrelation function.
The correlation function was calculated from a classical
descriptioc of‘the.molccuie's rotation. The expression for
the abscrpticn'coefficient was parameterized sc.that the
temperature dcpendence of the coefficient could be easily
-obtained. WHen a compafison was made between the results of
these classical calculations of the absorption coefficient
and those of quantumvmechanics, it was found that the clas-
sical.values'wére significantly lower than the quantum“
mechanical values of the mean absorption coefficient. It
‘was suggested that é correction could be made to the
classical method which would improve the agreement betﬁeen
the classical and the quahtum mechanical absofbtion coeffi-
cients. It was shown that the results given for the pure
rotation spectrum cculd.be generalized to the vibration-

‘rotation bands as well. In this manner the mean absorp-



tion coefficient of HEC was obtained for use in planetary
radiative transfer calculations; The calculations of the
thermgl radiative flux was performed for sevéral pure
watefbvapor atmospheres. A comparison was made between a
gray and a ﬁongray calculation of the flux fbr fhe water
vapor.atmosphere which would have formed if the oceans had
been evaporéted. Due to the fact that the mean absorptibn
coefficient allows for window regions between the absorp~
tion bands, the radiative flux emmitted by the nongray atmo-
sphere was much larger than that for the gray atmosphere
with a similar temperature profile. Furfhermore, the ldwer
regions of the nongray atmosphere were convectively un-~
stable while those of the corresponding gray atmosphefé
were not. Finélly, the radiative flux was obtained for
planets with pure water vapor afmospheres having .a constant
relative hﬁmidity in'their:tropOSpheres. The calCulafions
were performed for 25% énd 100% relative humidity~and for
several values of the surface temperature. It was observed
that the thermal radiative flux emmittgd by 2 low pressure
planetary atmosphere was under eétimated when the ﬁean
absorption coefficient was used to describe the atmospherié

absorption spectrum.
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- INTRODUCTION

The moon is presently receeding from thé earth. The
recéssion is_appa:edtly.due to tidal friétion; When the
past o?bit ofhthe moon is calculated usihg the preseht
rate of'récession, taking into account the effect of the
ocean tides, it is found that the moon was within a few
.earth radii of the éarth between one and two billion
years ago. Walter Munk ' in his Harold Jeffreys Lecture,
"Once Again--Tidal Friction," described the considerations
which led to this conclusion.i He went even further.

When the moon was close to the earth-~-he presented cal-
culations for'fhe cases when the moon was Qithin 6 and
2.89 earth radii--Munk calculated that the energy dissi-
pated in the tidés was orders of magnitude greater than

' the amount needed to vaporize the oceans. If the oceans
had been evaporated,vthe resulting atmosphere would have
been a water vapor ﬁtmosphere having the weight of the

. oceans. Assuming fhis atmosphere to be a gray ébsorber—-
the absorption spéctfum is independent of freqhency--
Munk calculated that only a moderate value of dissipation
due to atﬁospheri§ friction within é boundary lajer at -
thevéurface of therearth was neéded.to maintain surface

temperatures greater than 1000°K. He suggested that if



the true absorption spectrum of water vapor were used
in these caiculationsvsuch high surface-temperatﬁres _ v C
would probably not have been obtained.

An improvémént of Munk's calculations was sought
by introducing a representative spectrum for thé’infrared
~absorption due to water vapor ihto the radiative transfer
calculations. It was hoped that a better understanding
Qould be obtained of the magnitude of the radiative flux
ﬁecessary to maintain a high surface temperature on a
ﬁlanet having such a heavy water vapor atmosphere.
Furthermore,'the nongray calculations could be used to
illumiﬁate the limitations of a gray approximation to
a nongray absorption spectrum. .

First it was necessary to descfibe the absorption in
the inffared due fo water vapor. Most of the radiation
coming from a plénetary surface is in the infrared. At
fhe high pressures encountered in the heavy water vapor
atmosphere the rotational absorption lines wouid overlap
each other. Therefore, it is possible to describe the
~ appropriate abso:ption coefficient at a given wavenumber
in terms of a local mean absorption coefficient.: The mean
absorption coefficient for HZO was obtained as described
in the next sécfion. It was uéed in a nongray analogue

" to Munk's gray calculations. A comparison of the results
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are given in Section IV.

Further applications of the mean absorption coeffi-
cients tq radiative transfer problems were made. The
thermal rédiative flux emmitted by various pure water.
vapor planetary atmospheres was calculated. The atmospheres
were assumed to have a constant relative humidity in their
tropospheres. The calculations were performed for 25%
and 100% relative humidities and for several planetary
surface temperatures. A compariéon-was made between
the.results obtainea using the mean absorption coefficient
and those obtained by Pollack2 for similar calculations
using a different model for the absorption due to water

vapor. These results are presented in Section V.
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THE APPROXIMATE MEAN,ABSORPTiON COEFFICIENT OF

WATER VAPOR AT HIGH PRESSURES

At'pressufes‘high enough to cause the rotational
lines of ah absorptien spectrum to overlap, a'mean‘absorption
coeffiEient may be ealculated using a jusf—overlapping |
line (JOL) model.” Te jwani en&'Varanasiq.used data on
line etrengfhsvand pesitidns in a JOL model to estimate
tﬁe mean absorpfion cOefficienté of the short wavelength
region of the water vapor rotation band at several tempera—
tures. Ludwig gg_g;? approximated the meah coefficient
in the shert wavelengtﬁvregion of the water vapor rotation
band by using a Qeighted mean of the absorption coeffieients
of a symmeﬁric fop‘and a "most asymhetric" top molecule
calculeted yith a JOL modei. 'Eerlier,,ThomSOh estimated
the meen absprption coefficients of water vapor by computing
the coefficient of a'"nearlyvsymmetric" top with the
JoL model.3 'iﬁ was felt that these methods of calculation
were not appropriaﬁevfor radiative transfer calculations.
Owing to. the la:ge number of lines in. the HZO spectrum
: and to the large variety-of}lower state energy levels
-emohg.neighboring'lines,-an impractically large number
of»celeulations.is required to determine the temperature

dependence of the mean absorption coefficient evaluated



by the méthbd Tejwani -and Varahasi used. Furthermore, the
| calculation of the ébSorptionﬁof an asymmetrié molecule
from syﬁmetric top models will be‘in error--at léast'in
théofy. 'CQnsedﬁeﬁtly,:énother method of éaiculating the
absorption coefficient was soﬁght,which wpuld facilitate
the déterminafion.of>the temperaturé dependence of the
cdéffiqient for fédiative transfer'calculations and at
.tﬁe same fime ﬁould not suffer from the objecﬁions of
being based on a model for a molecule other than an
asjmmetriq rotor. The calculétions presented here are
-based entirely on the dynamics of an asymmetric‘tbp similar
to the water molecule. Thg results offer a hethod for
easily estimatiﬁg the Absorptioﬁ coefficient at any
temperature.

: The mean»absorption coefficient of the pure rotation
spectrum of gﬁ asymmetric rotor similar to Hzo.was calculated.
It'is compared Qith the coefficienf computed from quantum
'mech#nics. A méthod is also giﬁen for generalizing the
results to the vibration-rotation bands.

The metﬁod uéed to calcuiate the mean absorption’
‘ éoefficient-is‘desgribgd by Gdrdoh,s The absorption

'COefficient:(ih atmfjém'1) is given by

"‘(v(-,-);%;l%o_]:_?(t—e )0 &



No is the number of absorbing molecﬁles per unit volume
“at the temperature To and one atmosphere; h is Plgnk's
constant; T is the temperature of the gas; K is Boltzmann's
constant; c is the speed of light; and ) is the frequency
(in ca ). \J? (¥), the power spectrum, is the Fourier
trénsforﬁ of the autocorrelation function of the molecular

dipole moment. _

‘i 0 _.i)rt o - : o
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The autocorfelation function is a funétion of time t. It
is the ensemble average of‘thevscalar product between
the dipole moment of a molecule at some initial fime
t, and itself at some later time t *t .

In these calculations the autocorrelétibn function
was calculated.assuming the molecule moved according to
the lawé of classical mechanics. Classically fhé energy
of the top'can havé any value. Consequently, absorption
' oécurs.ovér a 66;£inuous range of frequencies. This is
in contrast to the discrete energy states and line absorp-
tion obtainedvfrom quantum mechanical models. The use of
" classical méChahics to evaluate the autocorrelation function
: forvthg-purpose of qomputing absorption coefficients has

‘resulted in expressions for the coefficients of linear
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and symmetrié top molécuies identical to those'obtained
with the JOL model.

in computing the autocorrelation function §f an asym-
metficrmdlécule the foiiowing assumptions'wére madé.. First
of all the calculations were performed as if the molecule |
were rigid. The vibrational frequencies of the molecule
were assumed to be substantially higher than the rotatioh_
frequenéies. The autocorrelation function of a vibrating

molecule was calculated as if the average'dipole moment

. were rotating with the molecule. The resulting frequencies

of absdrption were fhen measured from the frequency of

vibration. Secondly, it was assumed that the molecule

 rotates freely. The perturbations resulting from inter-

molecular forces'and coilisions which affect the line shape
and positiop were not considered here.7 Since‘the deter-~
mination of é ﬁean-coefficient equivalent to that obtained
by averaging the line strengths in a frequency interval
ébntaining many lings was sought, the_efféct of line shapes

and frequency shifts should be minor. In practice the

resolution required to obtain an approximate mean absorption

coefficient is so low that it is not necessary to evaluate
the correlation function at times as large as the collision
period where it is expected that collisions would cause

considerable alterations to the function. Nevertheless, at



extreﬁely high pressures the périod between collisions
becomes very short and the perturbations to the auto-
correlgtion function are reflected as changes'in the
envelope of the absorption band. Finally, it'Was aésumed
that the gas was in equilibrium and the occupation of the
states of.the gas was éiven by a Boltzmann distribution.

For the classical calculation of the autoqorrelation
function the principal moments of inertiavof the molecule
were oriented on a fixed reference frame with Euler angles
as in Fig. 1. The fixed Z axis is in the direction of
the total.angular momentum vector 3: A, B, and C are the
rotation constants (in em™): ABXC. K is the éngulér
momentum along the body C axis of the molecule. For this
orientation K/J = COS 6. |

The'Hamiltonian for the rotating top is
H= T (Asin*¥ + Beos*t )+ K2(C~-ASIN*Y -B cos® )

= J (a-B)(a+sin*P) —K*(a-B)(X + szsb)‘ (3)

whereb(:_B/(A -B) and X = (B - C)/(A - B) héve proven
to be a useful parameterization of the rotation constants.
The units of energy are en” ! and aﬁgular momentuh is
dimensionless.. Since the rotation is assumed to be free,

both the energy and total angular momentum are conserved.



hae')

Fig. 1. Orientation of an‘asymmetric rotor molééule to a
 fixed reference frame (X¥Z). The principal moments of
inertia of the molecule are aligned along the.corresponding
ABC a#ié. 3;’the total angular momentum, is directed along
the fixed Z axis. K is the angular momentum along the body

C axis.
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The energy is equivalent to the Hamiltonian.

ety
| whex_;e Xo=$m‘f¢(o)—VK_;(iQ)()_'HsmV‘(O)).
 %(0) and K(0) are the values of Pana I%lat ¢ = o.

The permanent dlpole moment of HZO is along the

axis of the 1ntermedlate prlnCJ.pal moment of inertia. Thus
A(0)-46) = o {Lsimb)sin¥(®) +
Cos#(0)cos (0 KK Tcos (¢z£)- $0)
t £sm¢(o)cos¢(t)__(t) —
Sin ¢(t)cos¢( o) K@)J sin (¢(+) ;5(0))
+ cas%(o) cos¢(4:)(1 K (o)) ( __(;c)) }

‘ (5)
The values W(O) and K(IVO)/J = COS 6(0) are initial condi-
tidns. W(t). K(t)/J, and ﬂ(t)v-'ﬁ(O) were calculated
by solving the cla’ss:.cal"equations of motion. |
The solutions for W(t) and ©(t) were obtained from
L\xler ] equatlons relating the angular veloc:1t1es 8,9 N

Once the sol,utlon w(t) is obtalned.ﬁ(t) - ¢(O) may be.
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determined. From the Hamiltonian

P= <9H =27 (A-B)e + SIn* ¥ (1))

', gives ¢(t) é(O) ZJ_(A B)“thdtS}nzsﬁ(t)

The integral in equation (6) was done numerically after

a change of varlablés had teen made.

n* g ‘Iz
£ = ARCSIH 1 Xo |
o _(1-%)sine’ 1%
jdt.s‘m'f‘(t) f ;+Z ~ (1-Xs) SIN*E’ )

where the equatlon of motion

. _-‘éiti =: _ A +_E;.na;
b= =-2K(A B)(X ¢)

has been used to relate ¢9to t.

The power spectrum was computed from _
. | 1 @ oo I 2 |
R0)=q. 2 S‘if ng 27 jgsk. &% Vioaw  ®

exp (-—eE(J,xo))e-wt }

vhere the expression for the autocorrelation function
has been substituted in equation (2). Qg is the rotation-

al partition function

2 oo Y2
A A,
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E is the energy, @ is he/KT, Ko an_d.‘bo are the initial
conditions. Equation (8) was parameterized further.

Letting

p-le(a-m1"T

, t'=.2 (1&";"@.).&t

and Ko/ J = COS e(Q) = ,4,{0 _‘

and

equation (8) becomes

{ (A\ = ZQLRE(_I\_':B—)" é’ﬁ--g't &3 fz_glfo ;Z

| 5(—?{'(0) ;{-(t)) expP ("'pz(f’“‘l' Xo (%, 4o) ))e'éat} (9)

~Qré(A-BY (10)
whe:re- .
Ve _ ,
=V ([ B __ )
=2 Gig) S o

‘A calculation of I(A & ,X) was performed on a CDC

7600 for ® and X representative of an H_ O molecule

2
(see Table 1). The results of the calculation are given in
Fig. 2. The calculations required nearly an hour of

~ computer time. The integral over Jf in equation (9) was

" performed first using Simpson's formula. The results of

this infeg‘ral represent the autocorrelation function of an



"Fig. 2. I(A ). o= 1.085 (= .390k
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ensemble in which all of the moleculeé have thé s_ame initial
values ( %,?‘{o)- Next the Fourier transform was performed
by a Fast-Fourier transform xv'outine.’Io The r.esults of the
trénsform represent the power spectrum of the ensemble with
the initial orientation ( }e.j(,). |

Owing to the limited numerical accuracy of the calcu-
lations, vvnegativé numbers appeared in some of these power
' spectfa for various f&, and //o « In all cases the negative
components appeared in the wings of the power Spectrum
where the magnitude of the spectral component_s shouid have
been small. As 'a computational proceedure all hegative
nﬁmbers were set to zero before the calculation of the'
complete powe.r' spectrum was contivnue‘d.

The final‘ step in the evaluati.on of I( A ) involved
‘the averaging of the power spectra for each. fe andA{, over
85 configurationé of é, and 4o . The values of £ and Ao
for the calculation were cho.sen so that a similar evaluation
of the pértifion function was within one pexj-centb of the
correct value; Due to the negative components in the indi-
vidual pow.er spectra _the_ results at /\: 0 and for large
' /\ are not expected to be accurate.

The parameterization of equation (8) was chosen so that
the results of the evaluation of I( A ) would apply to a

- family of molecules having the values of & ‘and X in common.

16
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Once I(,l) has been:determinéd‘the absorption coefficiént |
in thevrbtation band of the gas at any wévenumber ahd
femperafure may be easily computed using équationé 1, (10),
(11) and the molecular constants 4, A, B, and C.

The absorptiqn éoeffiéieht‘in the pure rotation
0 was éomputedvusihg (1), (10); and (51).' The

values of the rotation constants used in thesevcalculétions

" are listed in Table 1. They were detefmined by Hall and

was 1.87 X 10~

bowling1j from a high resolution study of the pure rotation
spectrum. The éalculations were performed for a gas at
250°K, 300°K, and at 500°K. The results are,showh in
Figs..B, 4, and 5. The results of quantum mech&nical
calculations for the same spectrum are alsobprésented for
comparisﬁn. The dipole moment in these calculations
18,‘esu'.-3 | .
" Table 1.
Vélues‘of the rotation_constants (in'cm-1) for the rotation

spectrum»ofiﬁao

A = 27.8761 © B = h.507h C = 9.2877

X=(B- C)/(A - B) = .390h4 o = B/(A = B) = 1.085

The'quantum mechanical calculations were performed



Figs. 3, 4, and 5. The calculated mean absorption coeffi-
cients at 250° K, 300° K, and 500° K. The dashed lines
refer to the claésical calculations. The solid lines

refer to the quantum mechanical calculations.
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in the following manner. First the energy levels were
~obtaihed by cemputing'the Hamiltonian matrix in the sym-
metrie roter fepresentaﬁion.12 ‘The matrix was diagonalized
to obtain the energy eigenvalues of the asymmetrie rotor.
The transition metrix elements were oetained by eomputing
the transition matrix in the symmetric rotor representation
vand then transforming it to the asymmetfic representation
using the frahsfofmatien maffix which diagonelized the
Hamiltonian’matri*.15v The resulting energy 1e§els and
transitioh.matrix elements werevgsedbto compute line
 strengths ana'transition freQuencies;‘ The mean absorption
coefficient at the wavenumber )} was calculated at every ﬂ
20 em—1 by averagihg the strengths of the linesvin a 60 cm-1
interval centered at )}.' A‘smooth curve was then drawn
through the points.

A similar calculation for H.O at 500° K which includes

2

the effects of centrifugal distortion is compared to the

results for the rigid asymmetric rotor in Fig. 6. The

rotational Hamiltonian used for these calculations appeared in

b The distortion constants used

a paper by F?aiey and Rao}1
in the calculetion were those given by Hall and Dowling.11
- It appears fhat'the effect of centrifugal distortions is

small when the mean absorption coefficient includes contri-

butions from lines in a wide spectral interval.

o
v



Fig. 6. Comparison of the results for calculations of
the absorption coefficients for the rigid rotor and for

H20 taking into account the centrifugal distortions.
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‘The absorption coefficient calculated by the classical
method are significantly smaller than those'calculatedvuéiﬁg
quantum mechanics. ThiS'phenoména had been noticed éarlier'

in'comparisons of similar calculations of the R branch of a

linear rotor vibration-rbtation'band; ' The fault of the

classical calquiations seemed to be the neglect of integers

‘with respect to the total angular momentum quantum number J.

In the case of the asymmétric rotor, the failure of the
classical model fo provide the ihtegeré’which appear in the

quantum mechanical expressions for the transition matrix

‘elements (see Ref. 13) appears to be the cause of the lower

classical vélues; vThe discrepancy'between the classical and
the quantum calculatiéns is greater at 250° K and 300° K»
than at 500o K.. This can be explained by the fact that at
the léwer tehperature the absorption is due to excitation
of levels at lower angular momentum quantum numbers. As a
result, the error in neglecting the integers comparea with
the total angular homéntum quantgm number becomes larger.
Of course, this iﬁplies that .at temperatures large enough
to cause thg'prédominant absorption to be dﬁe to states
having largefqﬁéntﬁm numbers, the classical and quantum
calculations should come into égreement.

The quantum mechanical calculations weré repeatéd

leaving out the integers which normally appear in the matrix



elements. As shown in Figs; 7. 8, and 9 this dramatically
improved the agreemeht between the classical and quantum
calculations. |

Owing to the c'onsiderabl.e amount of computer time
required to perform the classical calculations, ‘no attempt
was made to improve the value of I(A) by adjusting the

> ey _ .
expression for 4{«»14{(t). The corrections required to
improve the agreement between these classicél églculations
and the quantum mechanical calculations Vshouldv.be investi-
gated.

Assuming that o¢ and X for a moiecﬁle in its ground
vibrational state have nearly the same values for the
molecule in an excited vibrational level, the resﬁlts
of the calculation of I(} ) for the rotation band can
be used to compute the absorption coefficient for vibra-
tion-rotation bands as well. The strength of a line
in a vibration-rotation band of an asymmetri'c rotor

~is given by

| ‘BEwm

ll.l | g z J”?’?ﬂ‘ z |
e ) (1o gt S (T
2 3hC (¢ )‘%"%?1") " """“M“m 02

. R ) .
7d) ,
where vr:)’:rn is the transition frequency. J and 7 label

- 26
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Figs. 7, 8, and 9. The calculated mean absorption coeffi-
cients at 250° K, 300° K, and 500° K. The dashed lines
refer to the classical calculations. The solid lines

refer to the modified quantum mechanical calculations.
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the rotational states of the molecule and n represents. the
vibrational quantum numbers. No is again the density of
absorbing molecules at the temperature To and one atmosphere,

Eyap is the energy of the lower state, Q(T) is the total
. 4

partition function, A(i is the vibrational dipole transition
Ead

F‘ﬂ-m
cosines. The total integrated strength for the vibrational

matrix element and are the rotational direqtion

transition is

J’?‘ﬂ
%"Z S ' o (13)

T3 no | |
Assymlng that the Hamiltonian is separable in the sense that

Egpp =By +E and Q(T) = Q y(T)-Qp(T) where Q, is the

vt
vibrationél partition function and QR is the rotational

partlon functlon, equatlon (13) may be wrltten as

o 817 NT e . -y, 3"
= 3hc T Qv(T) “{""% gy(fve )}’n ¥

where ,\z

§u- e“”)§ Z-Vf(’"é’-s) 28 :n:

n T Qﬁf

_y U -ev "),



] ..
v: is the band center for the n - n' transition. In

turn the total band strength of a spectral region may be
estimated using a '"pseudo harmonic'" oscillator model of the

vibrational levels. The expréssion for the total strength

15

is ey
«(7)= Z °<n F
u‘-.toﬂ)
—5\70)
=8> N T i|? -¢ S ATIIC T (15)
Ie No °( I"lo ‘) .n—f:('_e 3\%)8«.

where [ is the number of degrees of freedom for the mole-
cule; ))o is the band center of the spectral region and

Y¢ is the vibration frequency of the i otote. From

. i
equation (15) substituting NoTo Tr-ll lﬂs‘l

2 . .
for No-u A(B in equation (10) and (1) gives the equation

T

' -8y v v : )
| _oMyfi-e ) I (ia —aelz

for the absorption coefficient in the region of vibration

bands. Here A"‘Ao is given by

2
120 = 5 g

°( (T) may be calculated from a measurement of the
15
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strength at To
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It has been demonstrated that the mean absorption

(18)

coefficient of an asymmetric top molecule may be cal-
culated from claseical mechanics. An expression for the
absorption coefficient was given in terms of the power
speqtrum-—the Fourier transform of the molecular dipole
autocorrelation function. This was described by_Gordon.6
The mean absorption coefficient was obtained when a

classical modéi for the rotation of a molecule was used

.. to evaluate the autocorrelation function. The expressions

for the mean absorption coefficient have been parameter-
ized so that the temperature dependence of the coefficient
may be easily determined. Furthermore, this model of the

absorption due to an asymmetric rotor was based entirely

on the dynamics of an asymmetric rotor. A comparison

of the results of the classical calculations to those

of quantum mechanical calculations revealed that the

- classical value of the absorption coefficient was less

than the quantum mechanical value. It was suggested that
the agreement between the classical and quantum mechanical

calqulations may be improved by introducing a correction



. for the integérs which éppear in the quantum.mechanical
-transition matrix‘élémeqts into the classical calculations.
Finally, a»ssgming»the]parameters ¥ andx for a vibration-
rotation band are nearl&'equal to the parameters for the
pufe rotation séectrﬁm, the results for the power spectrum
of the rotation Band_may be applied to the calculation

of the'absprption coefficients in the vibration;fotation

band.

3l
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* THE MEAN ABSORPTION COEFFICIENT OF H,0

“In the following sections the mean absorption coeffi-

cient for'yéter'vapor.will bé used in calculationslof the

_infrared radiative flux coming from pure water vapor

afmosphefes. Several vibration—rotationvabSOrption bands

"as well as the puré rotation band contribute to the infrared

" absorption due to water vapor. In Table 2. the parameters

needed to calculate the absorptioh coefficients are listed.

The values of the pérameters were given by Pennér and

Vafénasi.16 ' They were compiled from measurements of the

band strengths at high temperatures and high pressures

perfofmed‘by Gr(:_:lds‘te:'m».']'7 The strengths of the Y, and vb

- bands in the 2;74(‘region were approximated from the data

gi#én by Penner and Varanasi and an esfimate of the ratio

of the ), to v3 band strengths given by Gates et g_];.18

The band type-réfers to the principal moment of inertia

~ of the molecule along which the instantaneous dipole

B

moment is aligned for the vibrational transition. Gates
Sﬁ.gl give the bahd_types in the 2.7 4 region, and Benedict

and Calfee‘]9 give the types for the 6.34 and 1.8‘74( bands. .

vThg'power'speétrum described in the preceeding section

vas obtained for a B type band. Strictly speaking, applj-

ing these résulté‘td?the A type bands will lead to errors.
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Table 2.

List of vibration-rotation bands contributibng'to_l the infra-
red absorption spectrum of water vapor. o{(300° K) is the

integrated :band strength for the given spectr_val region.

Spectral - Band Transition A(300° K) Type
Region Center ' .
(4) (em™ ) (atm™ 'em ™)
6.3 1595 000-010 225 B
2.7 3151 000-020 3.2 B
3652  000-100 1 B
3756  000-001 174 A
1.87 5332 © 000-011 21.6 A
1.38 6874 000-021 ' 0.48

7252 . 000-101 . 15.6




_Nevertheléés, it is expected that these errors are no larger

d'than the ones already 1nher1ted from the class1cal calcu-

' latlon of the autocorrelatlon functlon used to obtaln the

power,spectrum,

" The calculation of the absorption COeffioient for the

pure rotation band was descrlbed in the last sectlon. The

‘ 7contr1but10ns to the coeff1c1ent from the v1brat10n-

rotation bands.were computed from equatlons (16), (17). and

© (18). 1In the event that two or more bands overiapped the

resulting absorption coefficieht was the sum of the contri-
butions from each:band.

This model for_tbe’absorption coefficient has a ndmoer
of limitations which prohibit its application to general
atmoSpheric'problems. First of all the concept_bf a mean

absoiption coeffioient'is valid only in the limit of high

‘pressures where the effect of the shape of the lines on the

absorption is no longer significant. At lower pressures

' this model severely overestimétes the actual absorption.

Secondly, the power spectrum was calculated for values of

A less than ) mas = 6.50. Even though the maximum value

:Of the-power spectrum is several orders of magnitude larger

‘ than its value at A x* the absorption at the wavenumbers

correspond;ngﬂto the value of A max is stlll large for

‘ large opticei path lengths. Thus the effect of Very weak

37 .



lines in the wings of the infrared bands on the atmospheric
absorption is neglecfed by this model. Nevertheless, the
model.offers.two important improvements over a gray model
of absorption. First, it allows for windows between the
absorption bands, and secondly, it offers a simple method
for incorporating the témperature dependence of fhe absorp-

tion coefficient into radiative transfer calculations.
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RADIATIVE TRANSFER IN A DENSE WATER VAPOR ATMOSPHERE

If the ooeans were evaporated fhe resulting afmosphere
would be a very heavy water vapor atmosphere as descrlbed
by Munk. Assumlng that the absorptlon coefflclent of the
water vapor atmosphere were gray, Munk deduced that a high
surface temperature--l?OO K --would be maintained with |
only:a_moderate flux of thermal radiation coming from the
surface of the'eartm4-1.15 X iou ergs cm-2 sec-1. Munk

suggested tﬁa£<sach a high surface femperature could not be
maintaiaed if the nongrayness of the atmosphere were
accounted’for.

An improyed-oalculatiom of the radiafive fluxvin this
heavy water #apor atmosphere was performed using.the cal-
culation of the mean absorptlon coefficient of H20 to des-
cribe the water vapor ‘absorption spectrum. Since this model

- of the absorption ‘allows for the existence of windows
between the absorption bands, it was_expected that the
vradiative flux'from the nongray atmosphere would be signif—
icantly larger than the flux from a gray atmosphere with the
 same temperature profile.
| ~ An expre551onbfor_the total radiative flux in the
. atmosphere is:readily obtained from the equation of radiative

transfer. Since the height of the atmosphere is small
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in cqmparisoh to the radius of the earth, the atmosphere is
-assumed to havevpléhar symmetry. Due to the large densities
encountered in the:heavy water vapor atmosphere,:it is
aésumed that the atmosphere is in 1o¢al thermal equilibrium
(LTE).20 Thevequation of radiative transfer for a planar -

atmosphere in LTE i521v

AT = (i) Ty e ) - By T@)

is the césine between the normal ﬁo the planetary surface
and the direction of the outgoing ray of radiétiOn. Zis
the altitude measured from thevsurface. Ky is the absorp-
tion coefficient (in atm™ ' cm™1). In this case the mean
absorption goefficienf.was used; P vis the pressure and T
is the temperature.‘ Iy is the intensity of fadiation at
the waﬁenumber Y, in the direction of 4 at the altitude Z
per ﬁﬁit solid angle per unit wavenumber interval. Finally
By is the équiiibrium intensity at the wavenumber ¥ as
given by the'Piank distribution function at thévtemperature
T. The optical depth is traditionally defined as
dt =-Ke(T(2) Pl2)dz | (20)
with the condition that T\, = O at the top of the atmosphere.
For'this change of variables the equation of transfer becomes
,q.‘.’.}_‘_’ =1I,-B,

JTv (21)
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The boundary conditions used in the integration of the

transfer equation were as follows: At the bottom of the

-atmosphere the earth radlates like a black body at a temp-

perature T ——the surface temperature.

Iv (T-mlv)“‘()" By (&) for;¢4> o (22)

fﬁhyis the maximum depth at the wavenumber =), and it
corresponds to Z ='O.v At the top of the atmosphere there

is no source of incoming radiation

'Ip(O,'—‘()#O | E for 4< 0 (23)

‘Equation (21) is readily integrated with the boundary

conditions (22) and (23) . to glv%.
Iu (zwf‘f) B» (T)e 7!‘_&) |
?'mp 2‘) (24)
+ B, (T)e 4{ | _41' |
| X

for}413’<),
and '
B (mmE) |
I»(’l‘,,,#)f-'j‘o B, (r')e_( “ )5_'_(_ (25)
or . .4{<:C>.

The dependenc_e_' of By on®y is given ‘through the temperature

T( T (Z) ).v«‘The_ radiative flux is given by multiplying

I, by 4{ and integrating over the total solid ang_lem



nk (%, (Z‘))f'-Sdﬂ‘(A(,ﬁ).qu (t,,(z),-,_q). - @8

Mult;.iplyi_.ng'equ.ati'o:ns (24) and (25) by 4 and intv‘e.grating
6ver the tptallsolid angle gives
t'nl) | ' Ty . . ¢ (27)
*”th,(ﬁEz (t-4 )dt=2m)B, (v)E, (%-TMT.
. Y |

E” (T) are exponential integral functions of order n. 1In the
event that there are no sources of local heating within a
.planar atmosphefe conservation/of energy constrains the

total flux | _ ‘

TF =7rgop;’ (Z,)Jv . ' | (28)
té a cénstant'véiue.z1 -

The total radiative fluxéé were computed at several
’altitudes‘ip_é wgter v§porratmosphere similar to the oné for
:which'Munk did the.gray célculatibns. The atmosphere was
assumed to be in a state of hydrostatic equilibrium.

dp=- pgd=z - (29)
(7 is the density of the water vapor and g is the gravita-
tional acceleration--980 cm sec_2.v Itvwas assumed that the

Qater vaporvbehaved as an ideal gas.

P=eRT | .(30)v

where R is the gas constant for water vapor ( in ergs gm
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”degree_1) Comblnlng equatlons (?9) and (30) gives
dP =gz
P ORTE

Z'EQuaﬁioh (31).1mplles that once the temperature profile of

(31)

iithé atmosphefé“ié‘known all of thé-othe: thérmodynamic
properties can be determined. ‘Furthermore, the temperature
_and'pressﬁre7pfofilés can Bé qéed to'calcﬁlate.the Optical
dépths‘frém the'absorptibn coefficients. These in turn
lead to the_evalﬁéfioﬂ_of the flﬁx from equations (27) ana
(28). | | |
Ideally-it is poSsiblé to solve the equétion‘of'transfer
‘ By discovering'thé tehperaturevprofile which results in a
constant vaiuelof the total flux at all altitudes. However,
it is not possible.to apply_the‘présentvmodel bf absorptién_
to this end. Dug to the large optical paths encountéred in
this heavy Qatgr;vapor atmosphere the absorption’due to weak
lines in fhe faf wings of the absorption bands is not
pegligibl¢,  Thus the constancy of the net flux can bnly be
‘approximated.. o

Munk usgq a me#hod developed by Ostrikerza to calculate
the tgmperature pfofile of a gray atmosphere with a source
of thermal :édiafion at.ifs bottom. Ostriker found that for
a thick finitevgra&iafmosphere the temperatufe profile was

nearly the same as that given by the Eddington approximation.



| | " | |
T@)=Tel$ (2+3)]" | (32)

T  is the frequency independent optical depth. The constant
radiétive flux fF is related to an equivalent temperature
Te By : < _ o
TF= oTe (33)
where o is the Stefan—ﬁoltzmann constant--5.67 x 10-5 ergs
sec™ ' cm™C degree_u. For T = O, the temperature at the top
of the atmosphere is

T= ()" Te o
 .The temperature gradient within the atmosphere is given by
dej_ﬁ.(f—(Ip.)") | (35)
dz 4 R ~T |
It is seen that as T approaches To the temperature gradient
for the region Qf:sméll optical depth is zero. Furthermore,
for.regidns éfllarge‘opticalﬂdepths wheré-T ;-7’T° the
temperature gradient assumes a constant value g/4R indepen- -
| dent of the magnitude of the gray absorption coefficient.
This constant value is equivalent to the adiabatic lapse
rate for an étmosﬁhere of polyatomic gases such as water
vapor?3 The results of Munk;s calculations are given in |
Table B_for a»wafervvapor atmosphere with a surface'pfessure

' . ‘ : . L
of 269 atmospheres and a given total flux of 1.15 x 10 ergs

Ly
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Table 3.

The results 6fTMunk's éal@ulations for a thick water vapor
atmqsphgre. rrF'was calqulated from tidalbdissipation in a
boundary layef.at the‘surface of the'earth; T was calculated
from an assumed value of the Rossiand mean coefficient fbr

the earth.1

T
o

T, = 19° K

T(z=1) = 126° K

100° K

wF

1.15 x 104 ergs cm™2 sec_j

5.75. % 1o“

i

Thevfoiloying'temperature profile which closely approx-
imates the pfofile in the gray calculétions was used for
'ﬁﬁe nongrayvéalculatibns of the‘tqtal flux. Tﬁe temperature

lapse rate wasJaésumed to be at the adiabatic value from
1900° to 126° K. TFor the gray optical depth 72 1 which
corresponds'to this_ﬁempgrature_reéion the grédient deviates
from the adiabatic\?alue by less than three percent. From
the 1260 K level_ghe'temperature decreased to 100° K along a

.constant gradieﬁt_equal to half the adiabatic gradient.v



Finallj, there was an isotherhai layer at the top of the
atmosphere. The top of the mtmésphefe war arbitrarily set
at 107" atm. Thé absorption by vapor above this level had
-a negligible effect on the total flux.

The tétal radiative flux at the planetary surface and
at the top of the reéions designated by the constant lapse
rates were numerically calculated from equations (27) and
(28). Each region of constant lapse rate was‘subdivided
so that a Gaussian quadrature method could be used to
infegrate equatioh (20) to obtain the optical depth within
each sﬁb-region. The integration in equation (27) over
optical depthvwas performed using Simpson's ru1e} Finally,
a trapazoid téchnique was used to approximate‘the.integra—
tion of the resulting fluxes over all Qavenuhbers. vThe
temperature prqfiie and the resulting fluxes calculated
from equations (27) and (28) are given in Table k.
Contributions to the total flux from the relatively trans-
parent region'beyond 8000 cm_1 were not included in these
calculations. Although less than iO% of the total flux of a '
black body at 1700° X is at wavenumbers greatér than 8000 cm™ '
the value of the flux for this spectral region from a 1700°
K black body.(h;j x 107 ergs sec_1 em™2) is.large enough
tovcomplefely swahp the value.of the flux in'fhe region of
the vibration—fotétion bands. Including the contributions

- of this région'to,the total flux would have hidden some of

16
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the important differences found between the results for the

gray and the nongray calculations.
Table 4.

Radiative fluxes'célculated for a heavy nongray atmosphere.

The temperature profile is close to that found in the gray

atmosphere.
Altitude  Pressure Temperature " Flux
(KM) (atm) (°k) (ergs sec” lem™2)
318.4 100 x 1077 100.0 2.28 x 10°
306.4 1.28 x 1077 100.0 2.23 x 107
296.6 8.12 x 107> 126.0 2.22 x 10°
k1.2 "~ 1.00 _ L20.0 1.04 x 104
0 269 1700 14,9

It was observed that for the levels at 126° K and
above the radiative flux was relatively constant. The

" increase in the total flux is due primarily to the stroﬁg

absorption in the pure rotation band. It must be remembered

that the absorption due to weak lines in the wings of the

L7
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'bénds'is negiécted:by'the preéent model. Nevertheless, itv
is expected tﬁafvfhe value of the flux given for the spectral
region below 8000 cm | is repreéentative of the value thaf
~would be obtainedﬂby.more careful considerations. Neglecting
_thé assorption‘in‘thebfar wings of the absorption.bands is
partl& compehsated_fcr by the fact that the hddelvaCcounts.
for thé temperature dependence ofvthe widths of the band.
As the téhperature inéreases, the widths of the bands
vingrease; 'thus thé absorption in the wings of a band
becomes evident at only a slightly higher temberafure than
it Qould_if the weak lines are considered. Sinée the rad-
iation emmitted by an atﬁOSphere comesvpredominéntly from
atmosphericvregions of small optical depths, the emmitted
flux in the wing of a band comes from a region of only a
_ siightly.higher temperature than it-Qould if the weak lines
are inéluded in thé calculations.

Due to thé low pressures for the 126° K level and.above,
the resulfing flﬁx calculations are expected to repfesent
a lower limit df the total flux. The present model does not
allow for inaividual absorption lines. Consequently, a
Aconsiderable amount of radiative flux which would normally
‘pass fregly between these lines is neglected.

Fiﬁally,'thé accuracy of thé numerical calculations

aside from the limitations imposed by the model of the
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absofbtibn coefficient is estimated at 5%.

There are some interesting differences between the gray

~ and nongray calculations of the total flux. First, as

expected, the total flux calculated using the mean absorp-
tion coefficient is nearly twenty times that of the gray
calculation. This is due to the substantial amount of

energy passing through the atmosphere in the spéétral regions
between the absorption bands. Furthermore, this resuit
implieé that av1700° K surface temperature would nof be

L

maintained by an energy source with a flux of 6nly 1.15 x 10

-erg sec-1 cmf2. Secondly, whereas the total radiative flux

in the gray calculation is postulated to be constant, it.
was found for the.nongray calculations thaf the radiative
fluxes in the lower regions of the atmosphere were far less
than the values‘at the top of the atmOSphere._ The lower
regions of the-nongray atmosphefe were found to be convec-

tively unstable. For these regions the difference between

~ the total flux and the radiative flux is presumably equiv-

alent to the convective energy flux. Since the atmosphere
is very dense at the lower altitudes and since the convec-

tive energy fluxes are relatively small the resulting

. temperature gradient for the convective regions are expected

to be close to the value of the adiabatic rate. Finally, it
is noted that water would ordinarily be in a solid phase at

126° K and 8.12 x 107 atm. The resulting optical properties



50

of the upper region would have to be altered if this condi-
tion were-incdrporated into the solutioh.r On the otherhand,
démanding that the.water be in a vapor'staté at éll levels
in the atmésphere would require a temperature at this
pressuré-dfét least 277.3° K. Following an adiabat from
this level down to the sufface would result in a.surface
temperature of 4000° K. Surely other phySicél processes
such as the melting of the earth and the photodissociation
“of waterbvapor.wduld have occurfed'loné.before this temp-
eratufe would have Been reached.'

In summary, a éomparison was made betwéen Munk's gray
‘calculations of radiative transfer in the atmosphere which
would have been fbrmed if_tﬁe oceans had been evaporated
and similar npngréj calculations using fhe mean absorption
coefficient for’HEO. Although this model of the absofption
coefficient.did'not include the weak lines in the far
Qings of the bands, it is expected that since the modei
did acéount for the teMperature dependence of the wings, the
value of the radiétive flux emmitted by the atmosphéré
was repfesentétivé of that which wpuld have been obtained
usihg methods which included the absorption due to the
weak lines. The mean absorption coéfficienf’is applicable
only for gases at high pressure. Owing.to the low pressure

' region at the top of the atmosphere, it was expected that
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the value of the flux obtained was a lower limit. When

the temperature profile of the gray atmosphere was used for

the nongray calculations, it was found that the radiatife
flux in thé upper regidns of fheAnongray atmdsphére was
relatively constant. In contrast to the dondiﬁion of con-
stant flux postulated in the gray calculations, the fluxes
fof:the nongray atmosphere in regions of large optical
depths were coﬁsiderably smaller than the value of the flux
at the top of the atmosphere. For these regions energy was
presumably transported by convection. Finally, it was
observed that even in the event that the large radiative
flux at wavenumbers greater than 8000 e was neglected,
the nongray calculation predicted a total flux Some

tweﬁty times the valué‘given by the gray calculations.

This implied that the dissipation of‘energy in the boundary
layer calculated bbeunk would not be large enough to

maintain the given surface temperature.



THERMAL RADIATIVE FLUX FOR

PURE WATER VAPOR ATMOSPHERES

If the‘amounf of radiation inqidgnt on the afmosphére
of a planeﬁ'hgving-quies of water on its surfécé is
sufficiently‘large, a "runaway greenhouse' effect will
occur. The abéofptioh of thérmal radiation due to the
water vapor in the atmosphere results in 2 high surface
temperatﬁre which in.turn leads to the eVapdration of more
water thus inéréasing'the absorption of the atmosphere.
Several calculations.which attembt to aécertain the neces-
sary conditions fof the runaway effect have been recently

presented. Ingersoll24 and Rasool and De Berg25

‘have per-
formed gray caicﬁlatidné, and Pollat:k2 has performed non-
gray calculations‘tp determine whether Orvnot Venus lies
within the runawgy regime. Amqng‘the models Pollack
_considered for the atmosphere of Venus were pure water
vapor étmosphere$ having‘a constant value of the relative
huﬁidity invthéir-tropospheres. Although such étmospheres
are unlikely,rthe modeis offer results which méy be used
to estimate the limits Qithin which a runéway.greénhouse
effecﬁvoccuré,

In this segtion'the'flux of thermal radiation emmitted

from a pure water vapor atmosphere was calculated for

\n
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vseVeral-valueSfof‘the'surface temperature‘assumihg a
constant relative humidity in the troposphere. The

pressure at a given temperature level in a pure water vapor

 atmosphere is given byvthe product of the relativevhumidity

and the equilibrium vapor pressure of water vapor at .that
temperature. Thus,-specifying the relative humidity and

the surface temperature of a pure water vapor atmosphere

~ determines the temperature and pressure profiles which

in turn may be used to calculate the total‘radiative flux

emmitted at the top of the atmosphere as descrived in the

previous section. In'calcuiating the flux for an atmosphere
.of cohstantvrelatife humidity the atmosphere was divided
into séveral-regions Qf.cohstant lapse rates. The resul-
ting profiles were réasdnable fepresentations of the temper-
atgre profiles demanded by the condition of constant

relative humidity. The temperature at the top of the

- atmospheres was 215°K.‘ This temperature was chosen for

the purpose of making a comparison between these results

- qnd those of the similar calculations done by Pollack.2

The total fluxes for atmospheres with 25% and 100% relative

" humidities are presented in Table 5.

 The values of the fluxes obtained using the calculation

of the mean absorption coefficient are expected to be low

 owing to the over estimation of the absorption by this
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model at the low‘pressgres encountefed in fhese étmospheres.
For'compariséng Pollack2 has calculated that the flux of
thermal radiation coming from a pure water vapor atmosphere
with a 300°K sufface temperafure, a 50% cloud cover, and a
relative humidity profile similar to that found on the
earth, should be 0.53.cal em™® min~'. The humidity pro-
file uée& in the calculation was greater than 25% at all
levels. The tropobause was set at 215°K. The cloud |
tempefature wés thirty degrees cooler than the surface
temperature. The clouds were assumed to be infinitely
opaque which meéns that they effectively beco@e the source
of radiation at the lower boundary of the atmosphere in the
case of 160% éioud cover;b The model of water vapor absorp-
tion used by Pollack was based .on ekperimentai measurements
of‘the average,transmission of water vapor in the infra-

red.26’27

Since it allows for the pressure broadening of
the absorption lines, it is expected that Pollack's model
“is éppfopriate to the éalculations of ra&iative transfer
in planetary atmospheresvwhere lovaressufes and long
path lengthé prgvail.

The valué.of the flux of thermal radiation coming
from an atmosphere with a.25% relative humidity and 50%_

cloud cover where the cloud temperature is thirty degrees

cooler than the surface is obtained by averaging the fluxes

5l
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- .for the casgsqu 270°K and 300°K surface temperatures. This

_giies for the outgoing flux 0.346 cal cm—zvmin—1 which is

roughly;BO% of-thé’value calculated by Pollack. Since the

" relative humidity in the model used by Pollack was higher than

25%, the results given in Table 5 for 100% humidity
‘sﬁggest that the value of the flux obtained for the atmo-
sphere with the constant 25% humidity should have been

1érger than that given by Pollack. It is seen that for

_regions of small pressures the mean absorption coefficient

can lead to sﬁbstaﬁtial errors ih the evaluation of the
outgoing flux.

anowledge of.the planefary albedo in conjunction
with the.iﬁformationlgiven in Table 5 allows certain
¢onclusions to bevdrawn concerning the amount of incident
solar fiui neceséafy to maintain a given surface temper-

ature. For example if a planet with a pure water vapor

: atmdsphere had‘éh'albedo A equivalent to the earth's albedo

(O.l&O)20 and. the inbident radiative flux F8 on this atmo-

sphere were the same as the present solar radiation

~ incident on the earth's atmosphere (2.00 cal em™? min—1),

| providing thé'pianet were rapidly rotating (as does the

‘earth),-the resulting flux of thermal radiation (0.30 cal

-2 ;1): .

. cm min



would maintain»only,a moderate surface.temperature.

Table 5.

Flux of thermal.fadiation as a function of surface temper-

ature. RH is relative humidity.

Surface Temperature ' Flux
%) | | . (cal cm™ min~ 1)
- | _25% RH 100% RH
2 313 .296
300 | .378 | <354
3 455 426

373 | ~.500 477
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SUMMARY

A mean épsprption'éo'efficiént for water vapor which is
#ﬁpiicablevto'coﬁdifiohs.of.high pressure Qas compuﬁed
usiﬁg a method which is based on the classical:descriptibn of
the rotation éf.thgbmoleéule. Whén the results for the |
calcuiation ofrfhe absorption coefficient in the pure

" rotation spectrum of H_.O are compared with those from

2
quantum mechanical calculations, the classical results were
éignificantly_lower. It was suggested that a correction

. could bevmade to the classical calculations to improve their
‘agreémentiwith‘the quanfumAmechahical calculations. The

v,model_of absorpfioﬁ had two impdrtant features: 1) It

allowed for #he‘gkis£eﬂ§e bf windows between the absorp-
fion bands. v2) It offered a conveﬁient method for in-
.co:poratihg fhe tempefature dependencevof the absorption
coefficient iﬁtd radiative transfer calcﬁiations;
Thé values obfained for the mean absorptibn.coeffi—

cient were applied to a calculation of the radiative flux

in a heavy water vapor atmosphere having the same temper-

"‘-ature profile as-thé!atmosphére used by Munk in his gray

‘approximation. A comparison was made between the gray and-
-the nongray results. Since both atmospheres were planar,

~and since the oniy.source of energy was located at the
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earth's surface in both cases, ponsefvation 6f energy
demanded that the total flux be éonstant—éiﬁdepéndént of
the altitude. ‘Due to the approximate nature of the mean
, absorptionvcoéfficient, this condition wés only approxi-
mately satisfied in the nongray atmosphere. Two important
differences wére;diécovéred Betﬁéen the gréy and nongray
results. Firét, the total flux émmitted‘by the nongray:
atmosphere was mény tiﬁes that emmitted by the gray atmo-
sphere. This‘imPlied that the high surface temperatures
obtained by Munk coﬁld not be maintained by a nongray
atmosphefe.' Secondly, unlike the gray atmosphére part of
_the energy in the lower regions of the nongray atmosphere
was’traﬁsported-by égﬁvection.

_ Finally, it was foﬁhd that the value of the flux of
thermal radiétion emmitted by a low pressure water vapor
étmoSphere using.the'meah absorption.coefficient appeared
to be lessvthan.that calculated using a model of absorption
which_accounts for the pressure broadening of the absorption
lines. The lower Yalue was probably due to the fact that
the mean absorpfion coefficient seriously over estimates
thé absorption of water vapor at low pressures. The values
of the thermal.radiative flﬁx were given for pure.water
vapor atmospheres having constant relafivé‘humidities in

their tropospheres. The calculations were done for several
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values of thé pianefary surface temperature. Such data
may be used £0»eétimate the flux of incident radiation needed

to maintain a given surface temperature.
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