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INTRODUCTION

A l'époque des sondes spatiales, on peut se demander si l'obser-
vation des planétes a partir du sol terrestre présente encore un intérét.
En fait, les sondes ne permettent pas de tout mesurer, et encore moins
de tout mesurer directement. Les méthodes d'analyse des données transmises
sont souvent trés proches des méthodes d'interprétation des observations au
sol. L'accumulation des informations acquises grace aux observatoires ter-
restres permet de définir les mesures & effectuer lors des missions spa-
tiales. Réciproguement, les nouveaux résultats ainsi obtenus précisent

les mesures & effectuer depuis la terre. Missions spatiales et observations

au sol sont complémentaires pour 1l'étude des planétes.

L'état actuel des connaissances implique toutefois une meilleure
précision de la mesure comme de l'analyse. Dans le proche infra-rouge, la
méthode la plus utilisée pour l'interprétation guantitative des spectres
planétaires a été — et reste encore —celle de la courbe de croissance
des largeurs équivalentes de raies. Elle a été développée initialement pour
le modéle de la couche réfléchissante (RLM). L'atmosphére est considérée
comme une couche gazeuse purement absorbante au~dessus d'une surface ré-
fléchissante. Cette couche inhomogéne en température et en pression peut
étre assimilée & une couche isotherme & une pression moitié de celle de
la surface réfléchissante (approximation dite "de CURTIS-GODSON"). L'at-
mosphére est alors caractérisée par trois paramétres (température, pression,
abondance de gaz absorbant) gue la mesure des largeurs équivalentes de raies

permet de déterminer,

Cette méthode est bien adaptée & 1l'étude de l'atmosphére de Mars,
elle convient beaucoup moins & l'étude des atmosphéres diffusantes de Vénus
ou Jupiter. Un modéle aussi simple que celui de la couche réfléchissante ne
peut plus étre retenu pour l'étude d'une atmosphére nuageuse. En 1965,
CHAMBERLAIN1 développe la théorie de la formation des raies dans une atmos-
phére diffusante. La méthode de la courbe de croissance est ainsi étendue
au cas des atmosphéres diffusantes homogénes (HSM) ; les largeurs équiva-
lentes de raies sont calculées‘analytiquement pour la diffusion isotrope
(BELTONz, 1968) puis anisotrope: FOUQUART et LENOBLE3(1973) développent leurs

=

calculs & l'aide de la fonction de distribution du chemin optique, définie



par VAN DE HULST et IRVINE4 (1962) . FOUQUART5 (1975) élargit ce concept
pour l'étude des atmosphéres diffusantes inhomogénes, en introduisant la
notion de profondeur de pénétration des photons. Cette méthode est cepen-
dant peu précise, et la complexité des modéles inhomogénes conduit & re-
courir & des méthodes d'intégration numérigque en fréquence pour le calcul

des largeurs équivalentes de raies (par exemple SATO et al6 (1977).

Dans ce travail nous développons une méthode d'analyse des spectres
formés dans un milieu diffusant réaliste ol pression, température, etc...
varient. Nous appligquons ensuite cette méthode aux spectres de Jupiter et
Saturne aux environs de 1,1 p. Dans un premier temps, nous généralisons au
cas des atmosphéres nuageuses l'approximation de CURTIS-GODSON. Pour cela,
nous introduisons la distribution de 1'abondance de gaz absorbant pondérée
par la pression et la température (chapitre I). Nous pouvons alors dévelop-
per une expression analytique de la largeur équivalente d'une raie élargie
essentiellement par effet de pression, et étendre la technique de la courbe
de croissance & n'importe quelle atmosphére non-conservative (chapitre II).
Cette généralisation n'est d'ailleurs pas limitée & l'intensité totale
réfléchie par l'atmosphére planétaire mais peut s'appliquer auséi a 1'in-

tensité polarisée (chapitre III).

En fait, le principal obstacle & l'étude des largenurs équivalentes
des raies formées en atmosphére nuageuse ne se situe pas tellement au ni-
veau de l'interprétation & l'aide de modéles d'atmosphére plus ou moins
complexes, mais plus directement au niveau de la mesure elle-méme. La lar-
geur équivalente d'une raie est d'autant plus difficile & mesurer que l'at-
mosphére est diffusante (chapitre II). Dés 1968, BELTON, HUNTEN et GOODY7
considérent la mesure des largeurs équivalentes du gaz carbonique sur
Vénus trop imprécise ("ol finit la raie et ol est le continuum ?"). Ils
abandonnent la méthode usuelle d'interprétation des raies d'absorption et
développent une méthode dans laquelle les raies sont analysées en faisant
coincider un spectre synthétique avec les observations. Le profil d'une
raie suffisamment résolue est évidemment plus riche en informations que sa
seule largeur équivalente ; par contre, l'analyse d'un spectre est beau-
coup plus rapide au moyen des largeurs équivalentes. C'est pourquoi la
technique du spectre synthétique est peu utilisée. Citons toutefois pour

Vénus les raies de la bande du CO2 & 1,05 y et &8 0,78 u étudiées par



8-9 , P .
REGAS et al en tenant compte de 1l'inhomogénéité verticale de l'atmos-~.
phére, et pour les planétes joviennes les spectres de la bande 3 v3 du
CH, étudiés — avant ce travail — & l'aide de modéles ol toute l1l'atmos-

4
phére ou du moins toute la couche nuageuse est supposée homogéne10—16.

Nous nous sommes intéressés plus particuliérement aux spectres
& haute résolution enregistrés a l'aide d'un spectrométre & transformée
17 . ,
de FOURIER, par CONNES et MICHEL en 1973 (résolution instrumentale

0,016 cm_1 pour le spectre de Vénus) et par CONNES et MAILI_.ARDls*16 e

n
- -1
1974 (résolution instrumentale : 0,05 cm ! pour Jupiter et 0,1 cm = pour

Saturne) . La bande du CO, sur Vénus aux environs de 1,22 u a été étudiée

2
en collaboration avec DURTESTE ; nous ne reviendrons pas ici sur l'ana-
lyse de ce spectre de Vénus qui reste malheureusement incertaine du fait
d'une trés grande incertitude expérimentale sur le niveau zéro. Par
contre, une étude plus approfondie a porté sur les spectres de Jupiter
et de Saturne dans la région de la bande 3 v3 du méthane. Bien gue les
méthodes de résolution de 1'équation de transfert en milieu inhomogéne
aient beaucoup gagné en rapidité, il est hors de qguestion de résoudre
l'équation de transfert pour chaque frégquence (pour la région de la 3 v3,
l'intervalle de 90 cm_1 a été étudié avec un pas de 0,012 cm—l). Nous
avons ainsi été amené & développer une méthode rapide de calcul approché
du profil d'une raie, non isolée, formée dans une atmosphére nuageuse
guelconque (chapitre IV). Cette méthode, basée sur le concept de distri-
bution de "l'abondance pondérée" introduite pour la généralisation de

l'approximation de CURTIS~GODSON, a été appliquée aux principaux modéles

d'atmosphéres inhomogénes utilisés pour 1l'étude des planétes.



PRINCIPAUX MODELES D'ATMOSPHERES INHOMOGENES UTILISES

RLM ("Reflecting Layer Model"”) : Une couche d'atmosphére claire est si-
tuée au-dessus d'une surface réfléchissante (le sol ou le sommet d'un

nuage dense dans lequel l'absorption est négligeable).

HCM ("Homogeneous Cloud Model") : mélange uniforme de particules diffu-
santes et de molécules de gaz ; autrement dit, l'échelle de hauteur des
particules est €gale & celle du gaz ambiant. Ce modéle, dans lequel la
pression varie, ne doit pas étre confondu avec le HSM ("Homogeneous
Scattering Model") dans lequel toutes les caractéristiques, dont la

pression, restent constantes.

DCM ("Dispersed Cloud Model") : l'échelle de hauteur des particules est
plus petitie que l'échelle de hauteur du gaz ambiant. Un tel modéle va
du HCM (Hp/Hg = 1) au RLM (HP/Hg = 0). Ici, nous avons choisi

B /H = 1/2.

P/ g /

RSM ("Reflecting Scattering Model") : une couche d'atmosphére surplombe

un nuage homogéne dont le sommet est situé & la pression P Un tel mo-

1
déle va du HCM (P1 v o) au RLM (absorption négligeable dans le nuage) .

TCM ("Two-cloud Model") : un premier nuage situé & la pression P1 sur-—
plombe un nuage ‘semi<infini dont le sommet se trouve & la pression P2.
Ici, nous avons considéré le cas ol les couches nuageuses sont suffisam-
ment denses pour gue 1l'absorption y soit négligeable ; l'absorption a
lieu seulement dans 1l'atmosphére claire située au~-dessus du premier

nuage et entre les deux nuages.
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GENERALISATION DE L'APPROXIMATION DE CURTIS-GODSON AUX ATMOSPHERES

DIFFUSANTES INHOMOGENES
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Abstract—The Curtis~-Godson approximation, which was initialiy derived to compute the transmission
through clear inhomogencous atmospheres, has been generalized to any cloudy atmosphere by means of the
scaled amount distribution. For most of the realistic aimospheres. the accuracy of this generalized
approximation is comparable 10 or even better than for the clear case.

INTRODUCTION

Radiative transfer computations in realistic atmospheres deal with absorption along non-
homogencous paths. For the case of clear atmospheres, approximations with one parameter
(“scaling approximation”) or two parameters (*Curtis'-Godson® approximation”) are exten-
sively used. These approximate solutions reduce the non-homogeneous path to a homogeneous
path with equivalent amount of absorber &, pressure P and temperature 4.

In the scaling approximation (see Goody,® Chap. 6), it is assumed that P and § can be
assigned to fixed standard values and only & is determined. In the Curtis-Godson ap-
proximation (CGA), a temperature-scaled amount of absorber and a mean pressure are
caiculated. Physically, in the scaling approximation only the line intensity of the gas absorbing
along the equivaient homogencous path is adjusted, while in the CGA both width and intensity
are adjusted so as 10 give the correct absorption in the strong and weak line regions. The CGA
is obviously much more powerful and accurate, but fails when most of the absorbing gas is
located at the lower pressures: this is the reason why the CGA cannot be used to compute
radiative heating rates in the stratosphere where ozone absorption occurs in the upper levels.*

In the case of cloudy atmospheres, the exact path foliowed by the photons cannot be
determined: thus, the gaseous absorption cannot be directly calculated. Even for the ideal case
of a homogeneous scattering atmosphere, the calculation of an absorption profile is a com-
plicated process which requires the solving of the Radiative Transfer Equation (RTE) many
times. The transmission functions averaged over a broad spectral interval can be approximated
by a sum of exponentials® and the corresponding calculations are largely reduced. This method
has been extensively used to compute the radiative heating and cooling rates in the
atmosphere.®” An alternative procedure makes use of the distribution of photon optical path.
which enables us to separate scattering and absorption processes. This latter method also
applies to compute synthetic profiles and has been used to analyze the spectra reflected by
planetary atmospheres.® '

In this paper, we generalize the GGA to the case of inhomogeneous scattering atmospheres.
The use of the scaled amount for the inhomogeneous clear atmospheres and the effectiveness
of the distribution of photon optical paths in the case of homogeneous scattering atmospheres
led us to introduce the distribution of scaled amount. This distribution function, developed in
the first part of this paper, is then used to derive the generalized approximation. The results of
some test of accuracy are presented and discussed in the third part.

1. DISTRIBUTION OF SCALED AMOUNTS OF ABSORBER IN A CLOUDY ATMOSPHERE

Clearly, since the photon path is undefinable in scattering atmospheres, the classical CGA
does not apply. On the other hand, the distribution of photon optical paths enables us to
generalize most of the clear case methods to homogeneous scattering atinospheres. These
considerations suggest that we make use of some distribution function in the more general case

407
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of inhomogeneous scattering atmospheres. The problem is that the amounts of absorber,
pressure and temperalure vary along the path, so that there is no direct relationship between the
total path length followed by the photon and the corresponding absorption. We are thus led to
make use of a distribution of total amounts of absorber instead of a total photon path length
distribution.

Consider A" photons which are reflected (transmitted) by a cloudy atmosphere. The rauo of
the radiances in the line and the continuum can be written as

N
2=z (- [ kipodu), M

(0]

where k, is the absorption coefficient at the frequency », which varies with pressure and
temperature, and du; is the amount of absorbing gas encountered by the ith photon between
altitudes z and z+dz (du; = B; n(z)dz where n(z) is the number density of absorbing gas
molecules and B; is an amplification factor which depends on the scattering process and the
boundary conditions but is independent of the absorption process).

For clear. non-homogeneous atmospheres, the scaling approximation applies when the
absorption coefficient can be factored as

k,(P, 8) = &(P, 0)i(v). : ' (2

With the same condition, the scaling approximation can be generalized to scattering atmos-
pheres and we may define a scaled amount & such that

dildu = &(P. 6)$(P, 6) = k,(P, 6)/k,(P, 6), 3)

where P and 8 are fixed standards of pressure and temperature.
In this definition, the ratio dit/du depends only upon the altitude but does not depend on the
particular photon considered. Thus. with Eq.-(3), Eq. (1) becomes

, N

~pZew kB OB, @

I,
I

.where §; is the total scaled amount of absorbing gas encountered by the ith photon.
In general, we will introduce the probability distribution p(i7) of a photon contributing to the
continuum radiance after encountering the scaled amount &, so that, instead of Eq. (4), we have

E=["p@exp kB bpan ©
¢ 0 ’
with the normalization condition f, = 1, where the g, are the generalized moments
= f p(@)i da. ' BN ()
0

This distribution function p(i) can be directly calculated by means of the Monte-Carlo
method, as has been done for the path length distribution.'"* 1t is also possible 1o invert the
Laplace transform, Eq. ( 5). This latter method requires the separate task of calculating the
reflected (transmitted) radiances for different values of the absorption coefficient k,(P, §) and
that of inverting the Laplace transform. Several exact methods are available to solve the RTE
in vertically inhomogeneous atmospheres (see, for example, Lenoble'). Equation ( 5) is quite
general and also applies to horizontally inhomogeneous atmospheres: nevertheless, the problem
of computing I/1, is much more complex, and Monte Carlo or Markov Chain techniques® are
the only exact methods available.

To invert the Laplace transform, we make use of a fast method developed by Fouquart'® to
compute the photon path length distribution. The ratios [,/I. can be approximated by means of
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Padé approximants,'” viz.

+ Proafko(P.0)

Otk (P 0} @

I

L
where I, is the limit of 1/I. for k,(P, 8)—>; Py_i(k,) and Qn(k,) are polynomials of degree
N -1 and N, respectively. A typical value is N =5, which requires us to solve the RTE for

2N = 10 values of the absorption coefficient using any method.
Inverting analytically the Laplace transform, Eq. (5), we get the distribution function

. . o A
plit) = I,5(0) + ,‘5_‘,1 A, exp (v,il), (8)

where § is the Dirac function, vy, is the nth root of Qu(k,), and A, is the corresponding residue.
Because of the properties of the function in Eq. (7), the roots are known to be real negative or
complex conjugate. The generalized moments, Eq.(6), can be written

N
A
fo=1+ n i
Ho 0 n=l(_yn)
e =T +1) 3 A 9
,'L]>0 (J )"2‘ __,yn)]-rlv ( )

where I'(x + 1) = xI'(x) is the gamma function.

The accuracy of the approximation in Eq. (7) is generally excellent but it is well known that
the inversion of the Laplace transform is ill-conditioned (see, for example, Bellmann ef al.'®).
Thus, in some cases. the approximate distribution function p(it) may differ strongly from the
actual distribution. This is not a crucial limitation since we are interested not in the distribution
function itself butl in quantities which always involve integrations of p(i7) and are well
approximated by using Eq. (8). A very bad case is the simple reflecting layer model (RLM) for
which the actual distribution is a2 § function; Eq. (8) corresponds to much smoother dis-
tributions and the agreement between the approximate and the actual functions pid) is only
qualitative (see Fig. 1). However, the equivalent widths calculated using the approximate
distribution function of Fig. 1 agree within 0.2 per 100 with the exact values.

1 \j 3
SCALED AMOUNT, ¥

-1

APPROXIMATE DISTRIBUTION p(¥)

Fig. 1. Approximate distribution function of the scaled amounts of absorber for a refiecting layer model
(RLM). The exact amount is a Dirac function &(}).
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2. GENERALIZATION OF THE CURTIS-GODSON APPROXIMATION
The scaling approximation has alrcady been used more or less explicitly to calculate
radiative heating rates in cloudy atmospheres.”' In these papers, the scaled amount for a

Lorentz line was written as
0z =2Q (20BN, (10)
S(6) \a(6, P)/ . .

where S(6) is the line intensity and a(4, P) is the Lorentz half-width at the pressure P and
temperature 6. Strictly speaking. n =1 for strong lines and n =0 for weak lines. This ap-
proximation is obviously poor when both strong and weak lines are considered. Empirical
values, such as n = 0.5 or n = 0.9 (McClatchey et al.*®) can improve the approximation in some
cases but, fundamentally, as noted by Goody,* the scaling approximation reduces a function of

three parameters for a homogeneous path to a function of a single variable for a non-homogeneous )

path.
Following the reasoning which led to the GGA in clear atmospheres. we will search for a

mean pressure P such that agreement is obtained for both strong and weak absorptions.
We consider the mean transmission over a spectral interval Ay and, assume as for the clear
case, that Av is large compared 1o the equivalent widths of the individual lines: we still consider

& photons reflected (transmitted) by a cloudy atmosphere. Then, for Lorentz lines, the rat)o of

1,./1., where

is the radiance averagcd over Ay, can be written as

N
Av 1

S
=T A dvexp(— du,-z-——-—-*-‘ﬂ'i_:__i_]) (1)

) © wlv =) +ay

where the integration with respect to du; corresponds to the path of the ith photon along which
both a and S vary, and the summation with respect to k extends over all lines in the spectral
interval Av,
In the strong-line limit, absorption is independent of «, in the denominator, so that we can
teplace it by a mean value a,, which does not vary along the path, i.e.
N
res g e (-], 3 ) 2

)

For the weak-line limit, this equation can be expanded as

Skak
.-1 L,. du( W 2 ml(v - Vk)z'*'dkz))’ (13

T;‘l——l' &1 d Siay

II

- .Miwl .A—V O] Ui k -—(5., (14)
while, from the exact expression (11), we have
=] - 2 (')du,' ; Sk. (15)
These last two equations are equivalent if
1 & s o '
RS v d l k d
"V ‘:l (i) k 112! (l) & ; Sk. (l6)
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We now define two scaled amounis of absorber ' and «” as

du’ E s;-‘ﬂ =du >, S, % _ an
k

a;
“and

du"z: Si=du 2 S )

As already noticed (see Section 1), the ratios du’/du and du"/du are independent of the
_individual photons so that Eq. (16) can be re-written as

Z 2510‘(:1&”125;’ . . i (19)
N& & NETIEOv ' )
where u; and u7 are the total scaled amount of absorber encountered by the ith photon.
Practically, S} and Si are cvaluatgd at the same temperature § and ' at a standard pressure P,
At this stige, the mean pressure P is still unknown; typically Py =1 atm. With these conditions,
the definitions (17) and (18) become, respectively,

'S 51626 Po) = du T suerdd P

(6, P) (6, P) | t

and - - . :
WwIs@=wTs® @

_Thus, since the Lorentz half-width is proportional to the prcésure, Eq. (19) is reduced to

.
xg. '?V:?‘. : @

As in Section 1, we will be more general using the distribution functions p(u’) and p(u"). Then,
using the notations of Eq. (6), the mean pressure P can be evaluated as

P = Pluilu?). 23)

Returning to Eg. (12), the mean transmission can be written as

T=~ f-dup(u) f dvcxp( Sul0)ay(6. P) ) 24)

& W[(V'Vk)z‘i’dk(a Py

The distribution functions p(u') and p(u™) {see Egs. (20) and (21)} can be determined by
using the method described in Section 1. Then, the approximate mean transmission is calculated
by using Eq. (24). This approximation is valid for both the strong line and the weak line limits,
providing that P is derived from Eq. (23). An analogue to homogeneous path would be obtained
if, instead of Eq. (24), we had

T~ f diap(a) - [ dv exp{- ak (P, )}, 25)
[} Av Av
where the absorption coefficient &, is defined at the temperature § and presﬁure P as

. Si(0)a, (0, P)
(P, )= ==,
k.(P, 8) Z (v = »)* + ax (0, P)*]

(26)

QSRT Vol. 4, No. S—E
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To deduce Eq. (25) from Eq. (24), we have to introduce a new scaled amount of absorber i as

Ia(0 PO)
a(b, P) ﬁ'

i= @n

Because of the normalization condition gy = uo = 1, the distribution functions p(i) and p(u")
are related by

p(i) = p(u')PIP,. (28)

Equation (25) together with Eq. (23) summarizes the generalization of the CGA to in-
homogeneous scattering atmospheres. We now ask what is the physical meaning of the pressure
P in this approximation?

The paths actually followed by the photons only depend on the scattering characteristics of
the medium and are independent of the absorption characteristics. But, when absorption
occurs, some of the photons are absorbed and do not escape. Consequently, the statistics of the
remaining photons are changed and the mean photon paths are affected by absorption as is also
the case for any moment of the distribution. Thus, strong and weak absorptions coorrespond to
different mean photon paths and to different pressures. Simifarly, the manner in which the
absorption varies with respect to pressure and temperature also affects the mean photon path.

From these considerations, it follows that P cannot be understood as the line formation
pressure. As a matter of fact, P is the pressure associated with i, = u}Po/P = u' {see Egs. (23)
and (27)}. where u7 is the mean amount of absorber, weighted by the temperature and
encountered by the photons after entering the atmosphere. so that P is a mean pressure with
the same meaning as in the original CGA. 1t corresponds to all of the photons being reflected (or
transmitted) in the continuum and thus can be understood as a weak line-formation pressure.

We have based our derivation on the Lorentz profile. Nevertheless, as for the original CGA,
our results are of greater validity. Following Goody’s reasoning.’ it can easily be shown that the
generalized CGA also applies for Doppler or Voigt profiles.

3. ACCURACY OF THE GENERALIZED CGA

For the sake of clarity, we chose to illustrate the accuracy of the generalized CGA in the
case of an isolated spectral line. The quantity we are mostly interested in, is the equivalent
width (EW)

w=["a-Lin)ar (29)
Following the statement of Section 2, W can be approximated by
W=W=fpwwmmm (30)
0

where w(it) = [22{1 - exp (—k,(P, 6)ii)] dv is the usual EW of an absorption line formed in the
absence of scattering at temperature 6, pressure P and abundance i For a Lorentz line, w
reduces to the Ladenberg Reiche functlon (see, for example, Goody*); thus, Eq (30) can be
rewritten as

W= 2naf pUOL(S">d' | l; | G1)

The strong line limit is obtained when absorption is strong for all the significant scaled amounts;
in this case, we have the “square-root regime” ,

W =2(8a@) " | (32)

The weak line limit can be obtained if the distribution p(i) decreases rapidly with increasing &

- 12 -
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(with such a condition, the case of semi-infinite conservative cloud is excluded). The hnear
regime is then

W = Sg,. (33)

Following the procedure described in Section 1, the approximaté EWs can be obtained with
relatively small computational effort. From Eqs (8) and (31), we have

& = _ n .S—’;Z 172
(- %) (%,1_7,)

RS

As seen in Section 1, the determination of the A, and ¥y, coefficients requires to solve the RTE
about 10 times: then the caluclation of W/a for any value of Sji,/a directly follows from Eq.
(34). On the opposite, the calculation of the exact EWs requires a different numerical
integration for each value of the line intensity S.

As a basis for comparison, we chose the reflecting layer model (RLM) for which the
generalized CGA reduces to the usual one. We also selected three other simple models: (i) the
homogeneous cloud model (HCM), i.e. a uniform mixture of cloud particles and gas molecules
(for the purpose of this study, such a model is inhomogeneous since absorption varies with the
pressure); (ii) the dispersed cloud model (DCM) where the scale height of the particles is
smalicr than the scale height of the ambient gas, corresponding to a cloud which becomes
thinner as the pressure decreases (here, we chose H,/H, = 1/2); (iii) the two cloud model (TCM)
for which absorption occurs above the first cloud and between the two clouds.

Such models are often used to simulate scattering planetary atmospheres. The HCM or the
DCM can roughly simulate the upper atmosphere of Venus®' while the TCM is often used for
Jupiter. In both the HCM and DCM, the cloud is semi-infinite. In the TCM, the upper cloud has an
optical thickness 7. = I in the continuum and is located at the pressure P,. The lower cloud is
semi-infinite and begins at the pressure P, = 4P,. For all cases, the mixing ratio of the absorbing gas
is constant throughout the atmosphere, which is assumed to be isothermal. The incident and
emergent angles are zero. The phase function of the particles is isotropic and the continuum single
scattering albedo is 0.99.

For the one-cloud models (HCM and DCM). we have used the Fy, method.” and divided the
atmosphere into nine homogeneous sublayers of increasing thickness. The method of spherical
harmonics (or P, approximation) was extended to the TCM by using a computing program
written by Devaux for two layers.
~ Obviously, the penetration of the light within the cloud depends upon the scattering particles
concentration; thus, for the one-cioud models, we found the mean pressure P as afunction of ¢, the
optical depth at the pressure Py = 1 atm: P = £,™! x 3.5 atm for the HCM and P = £, x 1.6 atm for
the DCM. With the TCM we obtained P = 0.55 P,, when P, is the pressure at the top of the lower
cloud. With the RLM, we got the classical result P = P2, where P, is the cloud top pressure.

From Egs. 32) and (33), it can be seen that g, is the mean scaled amount of absorber
encountered by all the photons in the weak line regime, while (g,5,)* is the apparent scaled
amount corresponding to the strong line regime. Thus, the ratio r = (f,,)*/g, can be considered
as an indicator of the importance of the scattering processes in the formation of absorption
lines. For the RLM, r is obviously equal to 1; we obtained r = 0.63 for the TCM, r = 0.61 for the
DCM and r =0.35 for the HCM. It must be outlined that the HCM is rather an extreme case:
the reflecting scattering model (RSM), which has pure absorbing gas above pressure P, and
homogeneous cloud beneath appears as much more realistic for planetary atmospheres studies;

such a model would have, here, a ratio r lying between 0.35 and [.

The approximate curves of growth are presented in Fig. 2, where W@ is drawn as a
function of $ii,/&. For the sake of clarity, the exact curves of growth have not been reported but the
relative differences (W-W)/ W, where W is the exact EW, are shown in Fig. 3. The maximum
discrepancy varies from + 6% for the RLM to —3% for the TCM, —4% for the DCM and ~16% for
the HCM.

The opposite signs of the relative differences for the clear and cloudy cases are significant

- 13 -
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Fig. 2. Approximate curves-of-growth for a refiecting layer mode! (RLM), a two-cloud mode! (TCM), a
dispersed cloud model (DCM}, and a homogeneous cioud model (HCM). See the description in Sectioa 3.
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Fig. 3. Relative differences between the approximale EWs and the actual values for the models of Fig. 2.

and explainable. The CGA depends upon two parameters which are determined from the
requirements of complete agreement for the absorption in the line wings (v — v, > o) and for the
EWs of the weak lines. For an isothermal RLM, the first requirement fixes Sa#: Addition of
the second requirement implies Si.and consequently, the mean pressure P = P.J2.

If, instead of- considering the weak lines, we search for a complete agreement in the
intermediate region of the curve of growth, we find that the mean pressurc varies from P42
{weak lines) to P/V/(2) (strong lines) (see Appendix). The EW increases as a function of
Sidlé = (Sia)l/@*. Thus. using an unique effective pressure P = P./2, we are led to overestimate
the EW in the intermediate regions (W > W).

In a scattering medium, when absorption increases, the variation of the statistical mean path
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Generalization of the Curtis-Godson approximation to inhomogencous scattering atmospheres 415

length produces a reduction of the line formation pressure. We thus have two compensating
effects which result in an absolute decrease of (W — W). For the present cases, the overall
effect is to underestimate the EW so that the relative difference is negative.

As already mentioned. the ratio r= ()" /4, can be considered as a mecasure of the
importance of the scatiering processes in the line formation. Qualitatively, the smaller r, the
larger is the reduction of the formation pressure with increasing absorption; thus the larger is
the compensating effect compared to the clear case (RLM). This is the reason for the increasing
error when going from the DCM (r=0.61) to the HCM .(r =0.35). For the same reason, in
scattering medium,-the generalized CGA can be more accurate than the original CGA; this is
particularly the case for the present DCM and TCM for which the maximum discrepancy is
lower than for the RLM.

Small value of r are associated with large ;. In this case, the line wings are strongly
deepened and the continuum level is hardly measurable. For the R(0) line of the 0.783 pm CO,
band, Sato et al.*® report discrepancies as large as a factor of two for the HCM depending on
the use of a contintum level which is 0.99 or 0.999 of the real value. Compared to the usual
experimental uncertainties, the accuracy of the generalized CGA appears quite tolerable.

It is worth to note that, for the extreme case r—0 (i,- %), the linear regime no longer
exists; this is the case of a semi-infinite conservative cloud for which all lines belong to the
square-root regime. In this case, P is undefined, but a one-parameter approximation is quite
sufficient, .

As the original CGA, the generalized CGA has been designed so as to give the best
approximation of the transmission averaged over a broad spectral interval including both strong
and weak lines. However, it is interesting to compare the actual and the approximate line
profiles. They are shown in Figs. 4-7 for three different Lorentz lines. The coincidence in the
line wings is required by the CGA; the discrepancies in the shoulders and in the line core are
related 10 the increase of the-formation pressure with v— . This variation causes an
overestimate of the absorption in the shoulders and an underestimate in the line core; these two
opposite errors compensale for the weak lines as required by the CGA. With scattering, the
decrease of the statistical mean path length with increasing absorption acts so as to reduce the
formation pressure in the shoulders producing a better agreement than for the RLLM.

The large discrepancies in the line core are due to the utilization of a Lorentz profile
throughout the atmosphere, including its use at very low pressures. The discrepancies would
have been reduced if we had made use of the more realistic Voigt profile.

1.0
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o
F
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o
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o
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) and approximate (~———- ) absorption line profiles for the RLM with Siy/a =1, 10,
and 100.
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Fig. 6. As in Fig. 4 but for the DCM.

The tests presented here concern the reflected radiation. For the transmitted light, the
differences between the absorption processes in clear and cloudy conditions are not very large;
the distribution of the scaled amount p(i) presents a sharp maximum which approximately
corresponds to the directly transmitted light. We thus can expect an accuracy comparable to
that for the clear case.

Our tests have been done for a limited number of atmospheric models. In particular, we did
not explore the cases of a variable mixing ratio of the absorber. However, the effectiveness of
both the generalized CGA and the original CGA must be similar. As noted by Goody?, the CGA
is poor if most of the absorbing material is at the lower pressure, but good in the opposite case.

4. SUMMARY AND CONCLUSIONS

(1) The CGA, which was initially derived for the case of clear inhomogeneous atmospheres,
has been generalized to scattering atmospheres. As in the original approximation, agreement is
required for strong and weak absorption.
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Fig. 7. As in Fig. 4 but for the HCM.

(2) A line formed in a clear inhomogeneous atmosphere is simulated by a line absorbing
along a homogeneous path with scaled amount of absorber # at a definable pressure P;
similarly a line formed in an inhomogeneous scattering atmosphere is simulated using a
distribution p(iy of homogeneous paths with scaled amounts &. all at the definable pressure P.
The effects of scattering upon absorption are included in the distribution p(i) and P can be
understood as a weak line formation pressure.

(3) Practically, the only computational problem consists in the solution of the RTE.
However, since a complete knowledge of the distribution p(i) is not necessary, the method
described in Section | enables to considerably reduce the calculations (for most of the pratical
cases we found that solving the RTE for about ten values of the absorption coefficient provides
quite a good accuracy). Providing the solutions of the RTE. by using any method, the
generalized CGA is of quite general use and applies for horizontally as well as vertically
inhomogeneous atmospheres.

(4) The ratio r = (j1;n)*/ ), where 3, is the jth moment of the distribution p(i), is a good
indicator of the influence of scattering in the absorption process. This number decreases from |
for a clear atmosphere to 0 for a conservative semi-infinite atmosphere (in this case every line
belongs to the square-root regime).

(5) For the cases such as r >0.5, including most of the realistic atmospheres, the accuracy
of the generalized CGA is comparable to or even better than for the clear case. In the extreme
cases of small r, it is worth noting that, since the linear regime can only be obtained for very
weak lines, a one-parameter approximation is generally accurate enough.

(6) The generalized CGA also gives satisfactory line profiles if we except the line core. Here
again, the agreement between approximate and true profiles is quite similar to the one obtained
in the clear case with the original CGA.

Acknowledgements—We would like to thank C. de Bergh for helpful discussions and C. Devaux for providing subroutines
used in our tests of accuracy.
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APPENDIX

We now derive the relal.ion between'the mean pressure P associated to the scaled amount & and the cloud top pressure
P, for an isothermal reflecting layer model. The exact EW can be expressed in terms of [-functions {see Goody,’ Eq. (6.6)}

as
SU 1

r(me, + 5)

SU\
r(Zﬂa,)

where S is the line intensity, U the total amount of absorber encountered by the photons and a, the Lorentz half-width at

the cloud top. An approximate EW corresponding to a homogeneous path with amount U and half-width & can be written
with the Ladenberg and Reiche function {see Goody,’ Eq. (4.10)} as

W =2V(r)a, (Al)

oo s(/) o
W=2raL (32, | (A2)
The CGA is a two-parameter approximation. The first condition is agreement between the actual and approximate

wings. For the simple RLM, Egs. (20) and (27) reduces to

a U
5

a(/=fadu= (A3)

The second requirement is the cquality of the actual and approximate EWs of the weak lines; instead, we assign W and W
to agree for any line. Using (A3) we obtain:

: ] o
_ TIX+5
yL(ij)= 1 ( 2) - : (A%)
2y Vimy T(X)
where y = (dla.)=(PIP.) and X = SUl27a..
For small X, we have
X\ X
L(z—y,) ~2% (AS)
and
r (x +%) ~V(m)

XIM(X)y=TN(X+1)=1 : . . (A6)

so that (Ad) is satisfied if y = 1/2; this is the classical result of the CGA: P = P2,
For large X, we can use the asymplotic expansions

L)) -2) o
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and
(X + 1) = XXe XV 2nX) ( ) +ﬁ) (A8)

A first order expansion of Egs. (A7) and (AR) with respect to 1/X confirms that Eq. (A3) is sufficient to provide agreement
for the EWs of the strong lines whatever P is; however, a second order expansion gives v = 1/V(2) or P = P/N(2).

A detailed numerical study shows that Eq. (Ad) is verified for y increasing monotonely from 1/2 to 1/V(2) with X
increasing from 0 o =.
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INTRODUCTION

Si 1'on considére un modéle d'atmosphére claire homogéne, on peut
déterminer, & partir des largeurs équivalentes de raies, l'abondance de gaz
absorbant rencontrée par les photons le long de leur trajet, la pression

de formation des raies et leur température de rotation.

Si maintenant : on considére une atmosphére guelconque, qui peut
étre inhomogéne verticalement et horizontalement, guelles informations peut
on déduire des largeurs équivalentes mesurées & partir d'un spectre expéri-
mental ? A guoi correspond l'abondance, la pression et la température que
l'on déduit des mesures en appliquant les relations établies pour le simple

modéle de la "couche réfléchissante” ?

Nous supposerons dans un premier temps que la mesure des largeurs
équivalentes de raies & partir d'un spectre expérimental ne pose pas de
probléme. On considérera notamment que le niveau continu (en absence d'ab-
sorption) du spectre est trés bien défini et gue les raies sont suffisamment
isélées les unes des autres... On verra quelles informations peuvent é&tre
déduites de telles largeurs équivalentes sans faire d'hypothése sur le type

d'atmosphére.

En pratique, la mesure de la largeur équivalente d'une raie, qui,
par définition, correspond & un intervalle spectral infini, n'est pas pos-
sible directement. On est amené & extrapoler sa valeur a partir d'une mesure
correspondant & un intervalle spectral fini. A partir d'une méme mesure, on
montrera que l'on peut obtenir des valeurs de largeurs équivalentes diffé-
rentes pour des modéles d'atmosphéres différents, ce qui rend alors impos-
sible l'obtention d'informations sans faire d'hypothése sur le type d'at-

mosphére.

Nous nous limiterons au cas ol toutes les raies appartiennent &
un méme spectre ; nous n'envisagerons pas l'étude des variations des largeurs
équivalentes en fonction des angles d'incidence et d'émergence. Une telle
étude peut apporter des informations complémentaires mais essentiellement
d'ordre qualitatif. Par exemple, la variation de l'absorption due au CO2 s?r

Vénus en fonction de l'angle de phase == observée pour la premiére fois par

KUIPER1 en 1952=— a permis d'exclure le modéle de la "couche réfléchissante".
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Pour que ces informations soient quantitatives, il faudrait que les mesures
4 différents angles de phase ou & différents endroits d'une planéte corres-

pondent & la méme réalité physique. Ceci suppose, en pratique, que les va-

riations temporelles et spatiales soient négligeables.

I - RAIES FORMEES DANS UNE ATMOSPHERE CLAIRE HOMOGENE

La largeur équivalente d'une raie de LORENTZ formée dans une atmos-
phére claire homogéne s'exprime & l'aide de la fonction de LADENBERG ET REICHE
(voir, par exemple, GOODY2)

i} S®) U )
W=2q afe,P) L ( o a(O,P)) ' (I1-1)

o €tant la demi-largeur de LORENTZ - qui dépend de la température 0 et est
proportionnelle 4 la pression P -, S l'intensité de la raie et U l'abondance
totale de gaz absorbant rencontrée par les photons . En utilisant le déve-
loppement limité de la fonction de LADENBERG et REICHE pour les petits argu-

ments (SU/2rq <<1), on obtient le "régime linéaire" pour les raies faibles
W =S8 U , (Ix-~-2)

et en utilisant le régime asymptotique (SU/2mo >3), on obtient le "régime

en racine carrée" pour les raies fortes
1/2
W = (45(0) o(0,P) U) / . (I1-3)
Les deux derniéres égquations peuvent étre résumées sous la forme

W= (40,2 ° (s(&) mP ’ (II-4)

avec b = 1 pour le régime linéaire et b = 1/2 pour le régime en racine

carrée.

La largeur éguivalente d'une raie varie avec le nombre gquantique
q q

m, par l'intermédiaire de l'intensité de la raie

|m| exp( —]}(l-g— B m(m-1)) (II-5)

Sm(e) =
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ou Sb est l'intensité de la bande, Qr la fonction de partition de rotaticn,
Bm(m-1) l'énergie de rotation dans l'état le plus bas, h la constante de
PLANCKX, ¢ la vitesse de la lumiére et k la constante de BOLTZMANN. Nous négli-
gerons ici la variation de la demi-largeur de LORENTZ avec le nombre guantigue
pour simplifier mais ceci n'‘affecte en rien les raisonnements qui suivent.

Les équations (II-4) et (II-5) permettent alors d'écrire

=W, - b 9-% Bm(m-1) (11-6)
ou W1 correspond & la largeur équivalente de la raie R(O).

b
U (I1I-7)

5. (9)
1-b “b
W, = (4a(0,

1 (40(6,P)) Qr(@)

Ainsi, la mesure des largeurs équivalentes de plusieurs raies d'une
méme bande, appartenant au méme régime de la courbe de croissance, permet de
déterminer la "température de rotation" © & partir de la pente de in (Wm/)mlb)
en fonction de m(m—-1). A partir de l'origine de cette courbe, on peut déter-
miner l'abondance U si b = 1, ou le produit de U par la pression P si

b = 1/2 (voir Equ. (II-7)).

Rigoureusement, l'équation (II-6) n'est valable que si toutes les
raies appartiennent soit au régime linéaire soit au régime en racine carrée.
Son utilisation développée par GRAY YOUNG3 pour des raies du régime inter-
médiaire est approximative. La détermination de la température & partir de
raies appartenant 4 des régimes différents n'est possible que si l'on fait
une hypothése sur la valeur de la pression P, & priori inconnue (MARGOLIS
et FOX4). Nous priviligierons, dans ce qui suit, l'étude du régime linéaire

et celle du régime en racine carrée.

II - RAIES FORMEES DANS UNE ATMOSPHERE NON-HOMOGENE MAIS ISOTHERME

Considérons une atmosphére dont la structure verticale et horizon-
tale est quelconque mais isotherme dans la région de formation des raies.
s q s ; . . . Y
Nous utiliserons la fonction de distribution p(u) de l'abondance de gaz

absorbant pondérée simplement par la pression et définie & partir de

dd P=durp . (II-8)
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Pour une atmosphére claire, p(g) est une simple fonction de Dirac. Pour le
cas général, le schéma de calcul a été donné dans le premier chapitre. La
pression % est la pression de formation des raies faibles ; elle est telle
que l'"abondance pondérée" moyenne est €gale & l'abondance vraie de gaz
absorbant rencontrée en moyenne par les photons,

(I1-9)

4V
u, = U

1 1

Les largeurs équivalentes des raies fortes peuvent s'exprimer a 1l'aide du

moment d'ordre 1/2 de la fonction p(ﬁ) (cf.Equ. I-32)

We=2 (5@ a«@©,b))l/? 31/2 , (II-10)

et celles des raies trés faibles a l'aide du moment d'ordre 1 (cf. Equ. I-33)
"
Waz=5S0) My = 5©) My . (II-11)

En utilisant 1l'"indicateur de diffusion" dejd rencontré au chapitre I

N 2 n
r = (ul/z) / My, (II-12)

les équations (II-10) et (II-11) peuvent &tre mises sous la forme

W= e, 0l (s y° (11-13)

avec b = 1 pour le régime linéaire (ou régime de trés faible absorption)

et b = 1/2 pour le régime en racine carrée (ou régime de forte absorption).

Les régimes obtenus pour une atmosphére claire homogéne (Equ. II-4)

et pour une atmosphére isotherme (Equ. II-13) sont identiques & condition gue
EAY) g
U=}l‘l et o (6,P) =ra(G,P) E(x(@rr)l

ce qui définit 1'atmosphére claire homogéne égquivalente (ou "apparente") par

AY)
1l'abondance "apparente" 1, et la pression "apparente" rP.

1
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Figure 1 - Les courbes de croissance "apparentes" des 4 modéles illustrant le

premier chapitre sont comparées & la courbe de croissance d'une atmos-
phére claire homogéne. Pour plus de clarté, seule cette derniére
zourbe ILR = LADENBERG ET REICHE) .est reportée en (a) tandis que les
écarts relatifs sont reportés en (b).
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Ainsi, la température de rotation O peut étre déterminée en sui-
vant la méme démarche gue dans le cas d'une atmosphére claire homogéne '
(cf£. Equ. II-6 et 7). On peut déterminer ensuite 1'abondance moyenne ul si
les raies appartiennent au régime linéaire, ou le produit,u1 r% si les raies
appartiennent au régime en racine carrée. Si le domaine d'intensité des raies
étudiées s'étend du régime linéaire au régime en racine carrée, on détermine

ainsi une abondance My et une pression r¥.

A ce stade, on peut s'interroger si une information supplémentaire
ne peut pas étre déduite des raies appartenant au régime intermédiaire. En
fait, les courbes W/gr = f(Spl/gr), qui sont équivalentes & des courbes de
croissance, différent relativement peu selon le type d'atmosphére. Sur la
figure 1, les courbes correspondant aux quatre modéles inhomogénes qui ont
illustré le premier chapitre sont comparées & la courbe de croissance de
raies formées en atmosphére claire homogéne (Equ. II-1). Les écarts relatifs
restent inférieurs ou de l'ordre de 10 %, ce qui n'est pas excessif compte-
tenu des incertitudes expérimentales. De plus, ces écarts sont dus pour une
grande part & la variation de la pression dans l'atmosphére, indépendamment
de l'influence de la diffusion, puisque l'on observe déja des écarts de
l'ordre de 6 % entre les largeurs équivalentes formées en atmosphére claire
inhomogéne (P varie de O & Pc{ et celles formées en atmosphére claire homo-
géne (P = Pc/2). Il ne faut donc pas s'attendre & obtenir une information
spécifique & partir du régime intermédiaire. Cependant, plus l'indicateur de
diffusion r est petit, plus le régime linéaire correspond & des largeurs €qui-
valentes de raies petites et donc difficilement mesurables. Dans ce cas, les
raies appartenant au régime intermédiaire peuvent servir & extrapoler de
fagon plus ou moins précise le régime linéaire. Nous excluons bien six de

cette étude le cas irréaliste d'une atmosphére diffusante semi-infinie sans

absorption continue pour laguelle r - o.

Une détermination de l'abondance "apparente" My et de la pression
"apparente" rg peut permettre d'éliminer un certain nombre de modéles atmos-
phériques. La pression apparente des raies formées en atmosphére claire est
égale & la moitié de la pression au sommet de la couche réfléchissante Pc'

et 1l'abondance apparente est égale &

* *
=n cH P_=ncH (2P ), (II-14)

U
app PP
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¢ étant la concentration de gaz absorbant supposée constante dans l'atmos-
phére, H¥ 1'échelle de hauteur de pression ramenée a la température de 273° K,
et n le facteur de masse d'air égal a cos-1 QD + cos—le, @o et O étant les
angles d'incidence et d'émergence. Définissons le facteur de masse d'air

"apparent"
n = ——— . (II-15)

Pour les exemples qui illustrent le premier chapitre, ce facteur est égal &
2.0 pour l'atmosphére claire (RLM), & 4.6 pour le modéle & deux nuages (TCM),
4 4.0 pour le nuage dispersé (DCM) et & 6.5 pour le nuage homogéne (HCM). Si
la concentration ¢ est connue avec une bonne precision - telle celle du gaz
carbonique sur Vénus - il est alors possible & partir de la connaissance du
rapport pl/(2c H}.l r?) d'éliminer un certain nombre de modéles 4'atmosphére.
Si, au contraire, la concentration en gaz absorbant est une inconnue & déter-
miner, la seule connaissance des largeurs équivalentes de raies de ce gaz
absorbant ne permet pas de déterminer cette concentration. Il est cependant
possible de la déterminer en comparant les largeurs équivalentes de raies du
gaz absorbant de concentration inconnue et celles d'un autre gaz de concentra-

tion connue (par exemple, les raies de HCL et celle de CO, sur Vénus). Mais

2
il est alors nécessaire (i) qu'il s'agisse d'un méme spectre expérimental
pour éviter -l'influence des variations temporelles et spatiales, (ii) qu'il
s'agisse du méme domaine spectral & cause de la variation des propriétés

des particules diffusantes avec la longueur d'onde, (iii) et surtout qu'il
s'agisse du méme régime de la courbe de croissance. Cette derniére condition
est souvent difficile a4 réaliser car le régime en racine carrée n'est pas
toujours atteint par les raies d'un gaz mineur, et le régime linéaire ne peut

8tre atteint que par des raies extrément faibles et donc difficiles a mesurer.

III - RAIES FORMEES DANS UNE ATMOSPHERE QUELCONQUE

Nous n'avons considéré jusqu'ad présent gque des atmosphéres isothermes
de sorte qu'il n'y avait aucune ambigulté sur la signification de la tempé-
rature de rotation. Dans une atmosphére réaliste, la température varie avec
la pression;SAGAN et REGAS5 ont souligné l'importance de ce probléme que
nous reprenons ici de fagon plus quantitative & l'aide des abondances "pon-

dérées" de gaz absorbant.
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a) - Cas des raijes faibles (régime linéaire)

Ny
Dans le premier chapitre, la pression P associée & la fonction de

distribution p(g) a été introduite parce que l'on s'intéressait & la fois
aux railes fortes et aux raies faibles. Ici, nous ne nous intéresserons d'a-
bord qu'aux raies faibles dont la largeur éguivalente est indépendante de la
pression. Il suffit donc de pondérer l'abondance de gaz absorbant uniquement

par l'intensité de la raie (cf Equ. I-18)
4du”(m) Sm(@") = du Sm(e) ' (II-16)

pour exprimer la largeur équivalente d'une raie faible & l'aide du moment

d'ordre 1 de la fonction de distribution p(u" (m))

= " " -
Wm Sm(@ ) u 1(m) . (II-17)
la température Q" est .arbitraire. Nous choisirons.ici pour ®" la température
de rotation des raies faibles définie & partiy de l'équation (II-6)

(avec b = 1). Plus précisément, la courbe in (W/|/m|) en fonction de m(m - 1)

n'est plus rigoureusement une droite puisque le terme

S, (e")

W,(m) = —=——— u",(m II-18

1( ) 3 (oM i l( ) ( )
r

qui représente l'ordonnée a l'origine dépend du nombre quantique de chaque

raie. La température de rotation @" -~ et de méme .1'abondance "apparente" U" -

est donc définie par le critére des moindres carrés qui minimise l'écart qua-

dratique
W 5, (8") 2
.= B, . 70 W he _ )
: :z.?aies i (lml) tn Q (@™ U> xgn o m(m-1) . (II-19)

En tenant compte des équations (II~17) et (II-5), on peut aussi écrire

g u" (m)
2
E" =) n (""—'_é ) ' (I1-20)
raies
ce qui équivaut & minimiser la variation de u"l avec m,

W' (m) U YV o . (II-21)
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Cette relation ne peut pas étre explicitée aisément dans le cas
général, mais peut l'étre davantage dans le cas du mocdéle de la "couche ré-
fléchissante" (RLM) pour lequel l'intégration de l'équation (II-16) donne

5 (0)
u, (m) = L 4qu C(1I-22)

n
Sm(O )
Développons le calcul de fagon approchée en considérant, d'une part, que
l'a$§?sphére est adiabatique de sorte que la température @ est proportionnelle
aPY et, d'autre part, que l'intensité Sm(e) est proportionnelle é(@ o
(avec X, 2 ©) .= Ceci est pratiquement exact pour m = 1 mais trés approximatif
pour les autres valeurs de m. -- Supposons de plus que la concentration en gaz
absorbant reste constante dans l'atmosphére de sorte que l'abondance soit
proportionnelle & la pression. Les relations (II-21) et (II-22) donnent alors
x + =X

Q 1 m Y-l

e \® o1 e
(— @Y dg = v Cte \V/m ’ (IT-23)

X
" m
(g, + —Ip (@)

étant la température au niveau de la surface réfléchissante. En dérivant
1l’égquation (II-23) par rapport & X+ on obtient
(y=-1)

0" n 8y exp (- — e (I1-24)

soit pour vy - 1 < < 1

9 a
o j@u

N ————
Yo /[ du

Ainsi, ce calcul trés approché montre que dans le cas d'une atmosphére

@" (II"ZS)

e

claire, la température de rotation 0" obtenue & partir des largeurs équiva-
lentes des raies faibles est peu différente de la température moyenne de
1l'atmosphére, définie par ® du /) du, bien qu'elle ne lui soit pas rigou-
reusement égale. Dans le cas d'une atmosphére nuageuse, on peut s'attendre

4 ce que la température de rotation des raies faibles soit peu différente

de la température moyenne des couches traversées par les photons en l'absence

d'absorption.

D'aprés le critére des moindres carrés (cf Equ. II-21), 1l'abondance
"apparente” U" différe peu des abondances pondérées correspondant & chaque

e e . , * L H
raie individuellement u"l(m). En particulier U" x u"l(m ), oum est un
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nombre quantique.tel gue l'intensité S , soit sensiblement indépendante de
* m

la température. Dans ce cas u"l(m )=p1, 1'abondance vraie de gaz absorbant

rencontrée en moyenne par les photons. L'abondance "apparente" U" est donc

sensiblement égale & l'abondance moyenne My

b) - Cas des raies fortes (régime en racine carrée)

Reprenons la méme démarche pour les raies fortes en pondérant l'a-
bondance de gaz absorbant & la fois par l'intensité de la raie et par la

demi- largeur de LORENTZ, soit (cf Egu. I-17)

du' (m) Sm(@') a(@',P') = du Sm(e) a(G,r) . (II-26)
La largeur équivalente d'une raie forte s'exprime & l'aide du moment d'ordre
1/2 de la fonction de distribution p(u' (m))
/2

' ' ' 1 ' -
wo= (4 5 (6') a(@',P")) u 1/2(m) . (I1-27)

La pression P' est arbitraire. Comme précédemment, on choisit pour ©' 1la
température de rotation des raies fortes obtenue & partir de l'équation
(II1-6) (avec b = 1/2), c'est a4 dire par minimilisation-de 1'écart quadra-

tique

W s, (0) 2
m 1 b —_ hc ]
' = 9 — - = 3 —_— 1 - —— B -1
g‘aies m lm‘l/Z) z ° (Qr(e') v 2k6" m(m(x)z -

aU'- étant le produit de la demi-largeur de LORENTZ par 1'abondance "appa-
rente". En tenant compte des équations (II-27) et (II-5), cet écart quadra-

tique devient

E' = %-2‘ &n
raies

2
o fate,ph (', m)
' ( 1/2 . (11-29)
&-Ul
Autrement dit, la température de rotation ©' des raies fortes est telle

gue les moments u' (m) définis pour cette température de référence et pour

1/2
une pression arbitraire P', soient sensiblement indépendants du nombre quan-

tique,

\ 2 al’
{u 1/2(m)} % W \/m . (II-30)
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Dans le cas particulier du modéle de la 'touche réfléchissante"
(RLM) , l'intégration de l'équation (II-26) donne

5 Sm(@) a(6,P)

(uvl/z(m)) = uvl(m) = sm(@.) 5.7 du . (II-31)

En posant les mémes hypothéses simplificatrices que celles définies
P %

pour l'étude des raies faibles, avec ¢(0,P) = o (%}ﬂ (E§§1/2 , les rela-
tions (II-30) et (II-31) donnent °©
: - (3y+1)
x4 F3) *» T T20-1)
Oc m = 2(y-1) o
© " ag = < — » Cte Ym |, (II-32)
o or & (x + 3y + 1) or I
m 2(y-1)
soit, aprés dérivation par rapport & X
0' v 0 exp ( - (y=1) ) . (II-33)
voc 2y 4 (x = 29 (y-1)
Y - > Y
Pour vy - 1 << 1, on obtient
J(é 0(6,P) du
+
o' n e (12—1—) v . (II-34)
¢ /a(e,P) au

Ainsi, pour une atmosphére claire, la température de rotation '
des raies fortes ne peut plus &tre assimilée & la température moyenne de
l'atmosphére. Si la température croit avec la pression, la température de
rotation ©' des raies fortes est supérieure & la température de rotation Q"
des raies faibles, & cause de la pondération de 1l'abondance par la pression

(cf Equ. II-31, ou de fagon plus explicite, Equ. II-34).

Dans le cas d'une atmosphére nuageuse, les pressions élevées jouent

=

encore un rdle important & cause de cette pondération de 1l'abondance par la
pression ; mais, d'un autre cbté, les raies fortes sont formées moins pro-
fondément que les raies faibles. La température 0' peut donc é&tre supérieure

=

ou inférieure a @" selon l'importance de la diffusion.
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Hormis le cas irréaliste d'une atmosphére isotherme, les tempéra-
tures de rotation des raies fortes et des raies faibles ne peuvent étre
égales que si la diffusion joue un rdle important dans le processus de for-

mation des raies.

Le produit "apparent" aU' est peu différent de chacun des produits
of0',P") {u"l/z(m)}2 (Equ. II-30). En particulier, considérons une raie
telle que le produit o{(® ,P) S »(0) soit sensiblement indépendant de la tempé-
rature ; l'abondance u"(m*) egg alors pondérée uniquement par la pression.
Pour cette raie, l'équation (II-26) se raméne 4 l'équation (II-8) si l'on
choisit comme pression de référence non plus une pression P' arbitraire, mais
la pression moyenne B (définie implicitement par 1l'équation II-9). Ainsi le

produitlaa' sera peu différent de a(@',%) soit, en tenant compte de

N
(“1/2)
(II-9) et (II-12)a(Q',D) ry, ou a(0',rB) u -

En conclusion, si les températures de rotation sont déterminées
par la méthode habituellement utilisée pour des atmosphéres claires homogénes,
on déduit comme pour un modéle isotherme, 1l'abondance moyenne My & partir
des largeurs &quivalentes appartenant au régime linéaire et le produit de
cette abondance uy par la pression B a partir des largeurs égquivalentes

appartenant au régime en racine carrée,

¢) - Illustration

Les températures de rotation déterminées & partir des largeurs équi-
valentes de raies du CO2 mesurées sur les spectres de Vénus sont de l'ordre
de 240-250° K (voir la revue par YOUNG6 en 1972, ou plus récemment les mesures
de YOUNG et 3&?”11 ou celles de DIERENFELDT et E}LQ) En utilisant le profil
de température (Fig. 2) du modéle principal de l'atmosphére de Vénus du
C.N.E.S.13 - tenant compte des résultats des Venera 11 et 12 et de Pioneer-
Venus - une température de 245° K correspond & une pression de l'ordre de

0,10 atm.

Nous avons simulé numériquement les processus d'absorption dans deux
types d'atmosphéres - une atmosphére claire et une atmosphére nuageuse - qui,
pour les mémes conditions d'observations (les angles d'incidence et d'émer-—
gence étant 0 = @O = 45°), correspondent a une pression moyenne % égale &

0,10 atm. Nous avons alors calculé les largeurs équivalentes de raies en
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Figure 2 - Profil de température du modeéle principal de’l'atﬁosphére de Vénus
du C.N.E.S. (1980). '
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régime linéaire et en régime en racine carrée. Ceci nous a fourni un ensemble
de données pseudo-expérimentales & partir desquelles nous avons déterminé les

températures de rotation ©' et 0" en utilisant les relations du type (II-6).

Le modéle 4'atmosphére claire a une pression au sommet de la couche
réfléchissante égale & 0,20 atm. L'abondance totale de gaz carbonique ren-
contrée par les photons est alors de 3.3 km-am. La température de rotation
obtenue & partir des largeurs équivalentes de toutes les raies jusqu'd la
raie P(40) est de 241,6° K pour le régime linéaire (Fig. 3a) et de 247,8° K
pour le régime en racine carrée (Fig. 3b). On peut remarquer que ces tempéraz
tures sont trés voisines respectivement de la température moyenne,j‘@ du /deu
égale & 241, 8° K et de la température Oa du/ a du égale & 247,9° K (cf les

éguations II-25 et II-34).

Pour le modéle d'atmosphére nuageuse, nous avons choisi le cas simple
de particules diffusant de fagon isotrope, mélangées uniformément avec les
molécules de gaz carbonique (H. C M ). L'épaisseur optique totale To est égale
a 10 ; en tenant compte des relations de'similarité14, cette valeur est en
accord avec les mesures de Pioneer15 et des Venera 11 et 1216 pour un facteur
d'anisotropie moyen voisin de 0,7. L'albédo de diffusion du continu W est
égal a 0,995, ce qui correspond & une valeur de 1'albédo sphérique relativement
faible As = 0,83, pouvant correspondre au proche infra-rouge. Dans ces con-
ditions, une pression moyenne % = 0,10 atm. correspond & une abondance moyenne
de gaz carbonique My = 3,0 km-atm . Le calcul des largeurs équivalentes, ef-
fectué & l'aide de la méthode FN17, a été limité pour des raisons d'économie
4 cing raies représentatives R(O), P(10), P(20), P(30) et P(40). La tempé-
rature de rotation est alors égale & 241,9° K pour le régime linéaire (Fig.

4a) et & 244,8° K pour le régime en racine carrée (Fig. 4b).

Cette illustration entraine plusieurs remarques :
(i) On observe une gquastlinéarité de la fonction ln(wm/lmlb) en fonction de
m(m-1) pour le régime linéaire comme pour le régime en racine carrée aussi
bien pour l'atmosphére nuageuse (Figs.4) que pour l'atmosphére claire (Figs. 3).
Les écarts quadratiques sur la température de rotation sont toujours restés
inférieurs & 0,3° K. Ainsi, si 1l'on connait les largeurs équivalentes de raies
appartenant au méme régime de la courbe de croissance, la température de ro-

tation est bien déterminée de la méme fagon guelque soit le type d'atmosphére.
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_Figure 3 - Détermination de la température de rotation pour le modéle 4'atmos-
phére claire (RLM) décrit en § 3c.
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Figure 4 -~ Détermination de la température de rotation pour le modéle d'at-
mosphére nuageuse (HCM) décrit en § 3c.
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(ii) Alors que les deux types d'atmosphéres donnent une température de rota-
tion des raies faibles ©" ~ 242° K, on observe bien pour les raies fortes

une température de rotation correspondant & une pénétration moins profonde

en atmosphére nuageuse (@' ~ 245° K) qu'en atmosphére claire (g'  248° KX}.
@pendant, méme pour le modéle d'atmosphére nuageuse - pour lequel 1l'indica-
teur de diffusion a une valeur relativement petite : r = 0.36 - la température
de rotation @' des raies fortes reste plus élevée que la température de ro-—
tation @" des raies faibles. D‘'autre part, dans le cas limite oG r - o, toutes
les raies appartiennent au régime en racine carrée et correspondent donc a

la méme température. Il est donc plus aisé de définir une température pour
toute la courbe de croissance en atmosphére nuageuse qu'en atmosphére claire
(contrairement aux idées communément admises ; voir DIERENFELDT et 3&12 par
exemple) .

(iii) Les écarts observés entre l'abondance apparente U" calculée & partir

de l'origine de la courbe zn(Wm/ m ) en fonction de m{m~1) & l'aide de rela-
tions du type (II-6) et (II-7) (avec b=l1) et l'abondance réelle By rencontrée
en moyenne par les photons en absence d'absorption sont inférieurs au mil-
liéme en valeur relative aussi bien pour l'atmosphére claire (Fig. 3a) que
pour l'atmosphére nuageuse (Fig. 4a). Une telle précision a été obtenue é&ga-
lement en ce gui concerne les raies fortes en comparant la gquantité QU' cal-
culée 4 partir des courbes 3b et 4b et le produit de l'abondance réelle
moyenne Hy par la demi-largeur de LORENTZ associée 3 la température de rota-
tion @' et & la pression ¥,

(iiii) Incidemment, on peut essayer de vérifier la compatibilité entre la dé-
termination des températures de rotation (v 240 ou 250° K) issues des mesures
expérimentales de largeurs équivalentes et la connaissance actuelle de l'at-
mosphére de Vénus. Nous avons comparé notre modéle d'atmosphére nuageuse avec
le modéle préliminaire de la structure de Vénus déduit des mesures de distri-
bution des particules lors de la descente de la sonde PioneerlS. La figure 5
représente l'épaisseur optique isotrope équivalente obtenue & l'aide des re-
lations de similarité14 d'une part en utilisant un facteur d'anisotxropie

g ~ 0.7 pour toutes les particules (modéle A de la figure 5), d'autre part en
utilisant un facteur d'anisotropie g ~ 0.2 pour les plus petites particules
(celles du "mode I" dans le modéle de TOMASKQ et alls) et g v 0.7 pour les
autres particules (modéle B de la figure 5). Ce dernier modéle, plus réaliste,
est beaucoup plus proche du mocdéle qui a servi pour notre illustration. On
peut observer sur la figure 5 que méme avec ce modéle B on sonde des niveaux

de pressions plus élevées qu'avec notre modéle de nuage homogéne puisgue To
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rigure 5 - Comparaison de l'épaisseur optique isotrope T au-dessus du niveau
de pression P de notre modéle d'atmosphére NUAGEUSE s w= «= avec
.celle déduite du modéle de TOMASKO et al (1979)e——(A) avec g = 0.7
pour toutes les particules ; (B) avec g = 0.2 pour les petites
particules (mode I) et g = 0.7 pour les autres particules.
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y augmente moins rapidement avec la pression, ce qui correspondrait & des
températures de rotation supérieures & 245° K. Cet effet serait amplifié si
l'albédo de diffusion du continu W, était trés proche de 1 comme ce doit

8tre le cas aux environs de 0,6 um. Cependant, étant donnée l'incertitude

liée au profil de température (n 10° K), il apparait que le modéle prélimi-
naire de la structure nuageuse de Vénus reste compatible avec des températures
de rotation de l'oxdre de 240 - 250° K. Il ne semble pas toutefois que la dé-
termination de la température de rotation puisse &tre un argument décisif pour

éliminer tel ou tel modéle atmosphérique & cause des incertitudes trés grandes

liées a la mesure des largeurs équivalentes de raies.

IV - MESURE DES LARGEURS EQUIVALENTES

Dans ce qui précéde, on a vu que l'on pouvait conserver la méme tech-
nigque que celle établie pour le simple modéle de la "couche réfléchissante"
pour déduire & partir des largeurs équivalentes de raies une température de
rotation (ou des températures de rotation assez voisines pour les régimes
extrémes), l'abondance de gaz absorbant rencontrée en moyenne par les photons
en absence d'absorption, et la pression rB produit de la pression moyenne B
par l'indicateur de diffusion r. Ceci revient & dire que si l'on connait les
largeurs équivalentes de raies d'absorption, on peut en déduire ces quantités
(température, abondance, pression) sans faire d'hypothése préalable sur la

structure de l'atmosphére étudiée.

En pratique, cependant, on ne peut pas mesurer directement une lar-
geur égquivalente W définie pour un intervalle de fréquence infini. On doit
se contenter de la mesure correspondant & un intervalle de fréquence £fini, qui
peut &tre relativement faible & cause du recouvrement des raies. Nous allons

voir que l'extrapolation de la valeur de W & partir de cette mesure peut dé-

pendre fortement du modéle d‘'atmosphére envisagé.

Les raies d'absorption ne peuvent &tre mesurées gue sur un intervalle
de fréquence 2 Av fini. De plus, la connaissance du niveau continu Ic est
, . P A ,
souvent incertaine. On mesure donc une quantité W limitée par un niveau Io
et un intervalle de fréquence Z2Av,
+Av I

Wi ,Av) = (1- =% av . (I1-32)
e} I
~-Av o
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Pour chacun des modéles d'atmosphéres décrit dans le premier chapitre,
les quantités W* ont été calculées, & l'aide de l'approximation de .
CURTIS-GODSON généralisée, pour un niveau Io égal a 99 % du niveau continu
réel Ic, sur un intervalle de fréquence 2py défini par I(py) = Io. Les rapports
W*/W sont reportés sur la figure 6, en fonction de W/(&r), W étant la largeur
équivalente réelle et &r la demi-largeur de LORENTZ "apparente". Ces rapports
W*/W diminuent évidemment avec W mais aussi avec r. Ceci apparait clairement
sur la figure 6 ol r varie de 1 (RLM) & 0,35 (HCM). On peut le mettre en évi-

dence de fagon analytique en réécrivant l'équation (II-32) sous la forme
P Ic IO o I
W (I ,Av) = =— (W-24v(l - =) - 2 (1 -= av ] . (II-33)
o I I T
o - c Av c

L'intégrale peut étre calculée en supposant Av >>a(0,P) de sorte que le coef-

ficient 4'absorption devienne
2
k, (P,0) ¥ S(0) a(8,P) / m(v=v ) , (II-34)
- > .
(v v, 2 Av)
ou encore que l'intensité puisse &tre mise sous la forme (cf Equ. I-5)

L /1, = p(1) exp - (&) o(d,B)
[e]

3/ v(v,vo)z) au . (II-35)

(v = vy > Av)

En limitant le développement en série de l'exponentielle au ler ordre, 1l'é-~

qugtion (II-33) devient alors

> I oo 25(®) a(3,3) ]
(IO,A\) ) = E; ‘:W - 2 Av (1 - i—c") =y we 1,11 (II-36)
Dans le cas ou I(Av) = Io’ on obtient
' 1/3
L] Ny v
. Ic Io 1/2 S(9) a(0,P) ul
W (IO) =1 W-411- I p (I1-37)
o c

soit, pour les régimes extrémes, en tenant compte d'une relation du type
(I1I-13)

1
* 2b 1/2
Wy I 2 W\ 5
—_— = 1 - \ [ ——
/2 /

C
w Lo (mr) - 4r a(8,B) I (11-38)
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Figure 8 - Variation de la largeur équivalente réelle W en fonction de la
largeur éguivalente mesurée V (cf. figure 7).
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Pour une largeur €quivalente W correspondant & une pression apparente r%, 1'é-
cart entre W et Wi'E varie en 1 / /r. L'extrapolation de la largeur équivalente
W & partir d'une mesure de W# dépend donc du mgdéle d'atmosphére envisagé. Pour
les raies faibles (b = 1), l'écart relatif E%H—— varie comme 1 / /W alors que
pour les raies fortes (b = 1/2), cet écart est indépendant de la largeur équi-

valente elle-méme.

En fait, en ce qui concerne les raies fortes, l'incertitude est beau-
coup plus importante & cause du recouvrement des raies. Pour illustrer ce pro-
bléme, nous avons considéré un modéle régulier du type ELSASSER. Les raies
fortes de méme intensité sont réguliérement espacées d'un intervalleg . Nous
avons calculé, pour les différents modéles d'atmosphéres illustrant le premier
chapitre, la largeur éguivalente "apparente” V, hachurée sur la figure 7, et
la largeur équivalente W qui serait obtenue pour une raie isolée. La figure 8
montre clairement que la relation entre W et V dépend du modéle 4'atmosphére
envisagé. Par exemple, une largeur équivalente mesurée V ~ 0,4 cm—1 pour un
intervalle § ~ 2 cm—l correspond 4 une largeur égquivalente W égale & 0,47 cm-1
pour 1l'atmosphére claire (RLM), & O,57 cm-1 pour le nuage dispersé (DCM) ou
pour le modéle & 2 nuages (TCM) et & 0,94 cm--'1 pour le nuage homogéne (HCM) ;
autrement dit, & une mesure de V correspond dans ce cas une valeur de W

double avec le HCM que celle obtenue avec le RLM.

Ainsi, l'extrapolation des valeurs de W & partir des mesures dépend de
l'hypothése faite sur le type d'atmosphére, et donc la température de rotation
et l'abondance "apparentes" qui sont déduites des mesures, peuvent &tre trés
différentes de la température et de l'abondance gqui auraient &té déduites &

partir des valeurs exactes des largeurs équivalentes.

V ~ RESUME ET CONCLUSIONS

1 - Les largeurs €quivalentes de raies formées en atmosphére diffusante
inhomogéne suivent pratiquement la méme courbe de croissance que si elles
étaient formées dans une atmosphére claire dans laquelle l'abondance totale de
gaz absorbant serait é€gale & 1'abondance Uy de gaz absorbant rencontrée en
moyenne par les photons en absence d'absorption, et pour laguelle la pression
de formation des raies serait égale au produit de la pression moyenne % par

l1'indicateur de diffusion r.
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2 - Les températures de rotation peuvent étre déterminées de la méme
fagon quelque soit le type d'atmosphére. En toute rigueur, la température
de rotation des raies fortes est différente de celle de raies faibles. Cepen-
dant l'écart entre ces températures de rotation est encore plus faible en

atmosphére diffusante qu'en atmosphére claire.

3 - En pratique, la mesure de la largeur éguivalente d'une raie isolée et
définie sur un intervalle de fréguence infini n'est pas possible. Sa valeur est
extrapolée & partir d'une mesure correspondant & un intervalle de fréguence
limité. Cette extrapolation dépend du modéle 4d'atmosphére envisagé. S8'il s'a-
git d'une atmosphére nuageuse et que l'on effectue cette extrapolation en
faisant 1'hypothése d'une atmosphére claire, alors on sous-estime les valeurs
des largeurs é€quivalentes ; ceci peut entrainer une erreur sur la température

de rotation et une sous—estimation de l'abondance moyenne de gaz absorbant.
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CHAPITRE III

LES LARGEURS EQUIVALENTES DE RAIES EN SPECTROPOLARIMETRIE




~ 48 -

Les spectres & haute résolution enregistrés entre 1,2 et 2,5 um
par CONNES et g;l en 1966 ont permis un important approfondissement de la
connaissance de l'atmosphére de Vénus. Avant méme les premiéres mesures" in
situ" effectuées lors de la descente de Venera IV en octobre 1967, on con-

sidérait que "CO., est probablement le constituant majeur dans 1l'atmosphére

2
de vénus", on savait que les raies d'absorption étaient formées dans une
couche nuageuse située aux environs de O,1 atm & une température v 240° K,
et on connaissalt les rapports de mélange des gaz mineurs tels que HCL ou
HF avec une bonne précision. De méme, l'analyse de la raie de la vapeur
d'eau & 8189 g montra que "les nuages sont composés d'une autre substance

gue la glace"z.

D'un autre c&té, HANSEN et ARKING3 interprétérent les mesures de
polarisation sur Vénus et déterminérent l'indice de réfraction et le rayon
moyen des particules situées aux environs de 0,05 atm . C'est essentiellement
la prise en compte des résultats de la spectroscopie quantitative et de 1la
polarimétrie qui mit en évidence que les nuages visibles de Vénus sont for-

. . ; . 4
més d'une solution agueuse d'acide sulfurique .

Puisque les phénoménes d'absorption affectent chacun des paramétres
de STOKES (I,Q,U,V), il est séduisant d'associer la spectroscopie et la po-
larimétrie. Le but de l'article qui suit est de voir quelles informations
peuvent étre fournies par la spectropolarimétrie en plus des informations

données par la spectroscopie et par la polarimétrie.

On a défini par l'équation (I-5) la fonction de distribution "d'a-
N
bondance pondérée™ u de gaz absorbant. De fagon similaire, on psut définir
pour chacun des paramétres X = I, Q, U, V, une fonction de distribution
,
p(X,u) définie par
X =]

n '\J'\J'.\l n
= p(X,u) exp(—kv(P,G)u) du . (III-1)
o

v
e
Pour une premiére approche de la spectropolarimétrie, nous avons utilisé
le simple modéle diffusant homogéne (HSM), dans lequel toutes les caracté-
ristiques de l'atmosphére, y compris la pression, restent constantes. Ce
modéle simple avait permis de mettre en évidence le rdle joué par les par-

ticules diffusantes dans l'atmosphére de Vénus par l'interprétation des
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largeurs équivalentes et des profils de raies correspondant & l'intensité

totale I. Dans une couche diffusante homogéne, 1'abondance de gaz rencontrée

le long d'un trajet de longueur L est

dzu =Muw, A, (III-2)
M étant "1'abondance spécifique"z, wc 1'albédo de diffusion continu et A
le chemin optique introduit par VAN DE HULST et IRVINE6 A= (o+ kc) L, 0 et
kc étant les coefficients de diffusion et d'absorption des particules. Pour
le modéle diffusant homogéne (HSM) il est alors plus simple d'utiliser les
fonctions de distributions p(X,A) gui ne dépendent que des caractéristiques

N
des particules diffusantes. Les fonctions de distributions p(X,u) leur sont

reliées par la relation
n
p(X,u) = p(X,A) / M W, . (I11-3)

Dans l'article concérnant les largeurs égquivalentes de raies en
spectropolarimétrie, nous utilisons donc des distributions de chemin op-
tique, mais la généralisation & n'importe qguel type d'atmosphére inhomogéne
peut étre faite & l'aide des distributions "d'abondance pondérée" qui peuvent
8tre calculées d'une fagon similaire & celle décrite dans le premier cha-

pitre.
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Summary. The theory of the curve-of-growth for absorption
lines formed in an anisotropically scattering medium, partic-
ularly the clouds of Venus and Jupiter, i1s generalized to the
case of polarization using an extension of the concept of photon
path length distribution. It is shown that strong lines associated
with the Stokes’ parameter Q, which are of particular relevance
in spectropolarimetry, can be measured with state-of-the-art
detectors. While spectra of the Stokes’ parameters [, and /, are
formed at substantially the same level within the cloud as [/, it
is found that spectra of Q = I, — I, are formed at a much
higher level. The latter level can be derived from the rotational
temperature associated to @, and is shown to be nearer the
cloud top than the photopolarimetric level. Thus, spectro-
polarimetry can provide an accurate location of the cloud top.
It is also demonstiraied that simuitancous measurements of the
equivalent widths of strong /- and Q-lines can provide analytical
rclations for retrieving the scale-height ratios of ambient gas-to-
cloud particles and minor constituent-to-ambient gas molecules
without resorting to any other independent measurement.
Observations at a set of phase angles are lastly applied to
provide a technique for the vertical profiling of cloud parameters,
at least at high levels in the cloud.

Key words: spectropolarimetry — planetary spectra — equiv-
alent widths — Venus — Jupiter

1. Introduction

The analytical theory for the study of multiple scattering of
arbitrarily polarized light within spectral lines and the corre-
sponding composite bands has recently been provided by
Fymat (1974). It was generally developed for the four Stokes’
intensity parameters in the case of absorption, emission or
resonance-fluorescence spectra, and for a variety of spectral

Send offprint requests to: J. C. Buriez, U.E.R. de Physique
Fondamentale, Université des Sciences et Techniques, F-59650
* Villencuve d’Asq, France

* JPL Atmospheres Publication Number 978 - Supported
by the Planctary Atmospheres Program Office, NASA, under
contract NAS 7-100 with JPL-CIT

line shapes: Doppler, Lorentz, Voigt, Galatry. (The same
developments could, of course, be carried out for different
representations of the light polarization state and for other tine
shapes.) The same author has also extensively studied the
spectropolarimetry of a planetary disk, such as that of Venus,
both detailed and integrated over the disk, in the particular case
of absorption lines observed in the light diffusely reflected by
this planet’s atmosphere. The study encompassed the cases
where the spectra were formed in the presence of either very
small (nonspherical) particles that can be described by the’
Rayleigh (-Cabannes) phasc-matrix of scattering or of large
polydisperse spherical particles, described by the Mie matrix,
for which the effects are more marked. The main conclusions
were that:

i) polarization within spectral lines is indeed present,

it} it varies in the same sense as the line strength but, as the
line becomes very strong and tends to saturation. it decreases.

ili) a polarization reversal may take place a1 certain iine
strengths, or during longitudinal or latitudinal scans of the
planetary disk, or both,

iv) the spectral polarization can cause a distortion in the
overall structure of the vibration-rotation band, and

v) from an experimental point of view, the search for
strong, unsaturated lines was recommended using low-noise
detectors.

The variations of spectrz! polarization between these two
cases of Rayleigh (-Cabannes) and Mie scattering are indicative
of the changes that must take place when lines are formed in
clear or cloudy atmospheres or as we transit from a clear to a
cloudy region.

Several of the above theoretically predicted conclusions
were confirmed (Forbes and Fymat, 1974) using Venus tele-
scopic data obtained during two consecutive series of observa-
tions at the Cassegrain focus of the 154 cm telescope of the
National Mexican Observatory, Baja California, New Mexico.
July 12 and 13, 1972, using a Fourier spectropolarimeter
(resolution: 0.5 cm~?, spectral range: 0.8-2.7 um). Neverthe-
less, because they were not sufficiently resolved, these first
polarization spectra could not be fully exploited and interpreted -
in terms of Venus’ cloud parameters, as would now be possible
with current state-of-the-art [.R. detectors.

While, ultimately, the analysis of polarization line profiles
would be desirable, the study of the equivalent widths (EW) of
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these lines, although they are less rich in information, would be
very helpful at this stage. Our objective in this article is to show
explicitly the kind of information that EW’s in polarization can
provide with particular reference to Venus and Jupiter. After
a brief review of this concept in the case of a scattering atmos-
phere, the next section provides a generalization to the case of
polarization and a comparison between the two cases for weak
and strong absorptions. Section 3 then details the atmospheric
information that can be derived from polarization EW’s,
specifically the cloud top pressure, values of the scale-height
ratios of gas-to-cloud particles and gas-to-gas, and the vertical
profiling of the cloud parameters in the upper levels of the
cloud.

11. Equivalent Widths in a Scattering Atmosphere

This section provides a brief review of the main expressions for
EW’s of intensity spectral lines formed in a scattering atmos-
sphere. Their generalizations to polarization are subsequently
carried out and contrasted with the former ones. Both results
will later be used in demonstrating the additional cloud and
atmospheric information that can be derived with spectro-
polarimetry.

A. Intensity

The EW of an absorption line formed in a scattering atmos-
phere, -

w=T (1 - "“’"))du, -

H{we)

-

can be analytically expressed by means of the photon path
length distribution p(X)y {van de Hulst and Irvine, 1962). This
distribution function is provided by the inverse Laplace trans-
form of the ratio of the reflected intensities in the linc and the
continuum:

— = 0[ P(A) exp (= r,A)dA. 2)

Here, w, and w, are the single scattering albedos at the frequency
v and in the continuum, respectively;

w, _ k,
"= T o+ k.’ @

where o and k. measure the scattering and absorption coefficients
of the particles, &, is the absorption coefficient at frequency »
for the absorbing gas, and A = (o + k()L is the photon optical
path corresponding to the geometrical path L. Equation (2)
can be interpreted as follows: the intensity reflected in the
continuum, /{w,), results from contributions by photons which
during scattering in the cloud have travelled a finite optical
path A. Transmission through the ambient gas, giving rise to
the spectral line, results in an attenuation of this intensity
by the factor exp (~k,L) = exp (—r,A). Now, if p(A)dA denotes
the probability corresponding to an optical path between A and
A + dA, then, the observed line intensity will be expressed by
Eq. (2). With Egs. (2) and (3), Eq. (1) becomes:

W = f p()x)W( )dA, (4)

A
o + k.
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where wlA/(o + k.)] is the equivalent width of a linc formed in
a purely absorbing medium along the geometric length L =
Ao + k).

In the latter case of a clear atmosphere, we have for a
Lorentz line:

w(l)

I

SnL), )

27a,,

277(1LL(

L(x) = x exp (—x)[lo(x) + J;(x)] being the Ladenberg-Reiche
function (see, for example, Goody, 1964), S the line intensity,
a; the Lorentz half-width and » the number density of absorbing
gas molecules. Using the Ladenberg-Reiche expansion for weak
arguments, we obtain the “ linear régime’’, for weak lines:

w(L) > SnL, 6)

and, similarly, we get the so-called “square-root régime*’ for
the strong lines:

w(L) % 2(nSLa)V3, B @)

The simple approximate expressions thus obtained can be
extended to the case of lines formed in a scattering medium.
For this purpose, Eq. (4) is re-written as: -

SMw,. )\)d)\, )
2muay

W = 27¢; f p()\)L(
°

where M = n/o is the specific abundance introduced by Belton
et al. (1968). If p(A) decreases rapidly to zero (excluding the
case of a semi-infinite cloud with | — w, « 1), the linear
régime:

W = SMwAD, 2]

where () is the **mean optical path™

M= gz(,\)/\d/\, (10)
can still be obtained for weak lines. Likewise, if the absorption
is strong for all the significant optical paths, we also obtain the
square-root régime:

W = 2(SMwca{AY)2, an

where {A)Y2 is the effective optical path or ‘‘square-root
optical path”:

(AOYR = | p(A)AL2dA, (12)
4]

A rigorous study of such curves-of-growth of absorption lines
formed in a scattering atmosphere can be found in Fouquart
and Lenoble (1973). This study depends of course orn: the expres-
sions used for p(A). Several methods have been proposed for
computing these functions. For example, for a semi-infinite
atmosphere, Irvine (1964) obtained an exact expression of p,(d),
the probability that a photon contributing to the a-times
scattered component of the intensity, say I,, has travelled an
optical path A. Thus, if we know the components of the
intensity for cach scattering order, p(A) could be evaluated from
the expression:

© — n~1
S Inlwe) exp ( A)A

n=1 o) (1= D! 9

P =
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On the other hand, for the case of clouds of arbitrary optical
thickness, p{A) can be computed with either the Monte-Carlo
Method (Kargin et al., 1972; Appleby and Irvine, 1973) or
using the very definition of p(A) as an inverse¢ Laplace trans-
form (Heinrich, 1973). We¢ use the fast method developed by
Fouquart (1974) which utilizes interpolations of the function
1w/ (w,.) by means of Padé approximants. We write in this
case:

l(wv) - Ph’—l(rv)
H(w,) Onlry)’
where Py_,(r,) and Qx(r,) are polynomials of degree N — 1

and N, respectively. Inverting analytically the Laplace trans-
form, we can write the distribution function as:

(14)

N

P = 3 Anexp(yad), (15)
ms=l
where y,, is the mth root of Qn(r) and A, is the corresponding
residue. Because of the properties of the function in Eq. (14),
the roots y,, are known to be real negative or complex conjugate.
In this formulation, the EW of a Lorentz line is:
N Am

W=SMu. 2

m=1 (—Ym)am(Sch/‘rraL —_ 7,")”2' (16)

The linear régime. Eq. (9), ¢corresponds to the weak lines such
that (SAMw /ral) is small compared to |ym], and the square-root
régime, Eq. (11), to the strong lines such that (SMwfmay) is
large compared to |yal.

We shall now generalize these results to the case of polariza-
tion.

B. Generalization 1o Polarization

In the preceding section, we defined the distribution function
p(A) [we shall now write it p(/, A}) for all the photons reflected
after having travelled a total optical path A in the cloud. In
the same way, we can define similar functions, say p(/,, A) and
p(I,, X), corresponding to photons emerging in planes respec-
tively paralle] to and perpendicular with the incident plane:

Iw,) %

T = { p, A) exp (= r,A)dA an
and

I(w) T

T = T - vA A 1
o ,.[ p(, '/\) exp (~r,A)d. (18)
These new functions are simply related to p(I, A) By:

Kodpl, 2) = Iw)p(l, ) + I(w)p(l, A). 19

We can also associate a distribution function, say p(Q, A), to
the polarized intensity Q(w,) = I(w,) — I(w,). 1t will be
defined by:

Qwop(Q, X) = Iwe)p(l, ) = Iwpls, D), (20)
or, more directly, by: -

Q(wv) b .
AL ~r,A)dA.

Oy = § (@ Nexp (=r.A)dk (20 bis)
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Though the latter function does not have a clear physical
meaning, it will be very useful for spectropolarimetric studies.
Morc generally, a suitable distribution function can be asso-
ciated with each parameter of the Stokes’ intensity vector [ =
(I, @, U, V). Neverthcless, since the quantities U and ¥V are
difficult to mcasure owing to their small magnitude, we will
restrict our study to p(1, A), p(Q, A), p(1,, A), and p(J,, A). Clearly,

-all the results of Section A above can be generalized to every

Stokes’ parameter. In particular, the new distribution functions
can be obtained by means of Eq. (15), and the associated
equivalent widths can be computed from Eq. (16) provided the
suitable 4, and y., corresponding to the Stokes’ parameter of
interest, have been obtained.

To illustrate these considerations and the capabilities of the
spectropolarimetric measurement, we have computed the total
and polarized intensities (/ and Q) reflected from a semi-
infinite atmosphere using the tables of Abhyankar and Fymat
(1971) for Rayleigh scattering and, for Mie scattering, employ-
ing a combination of the successive orders of scattering and
the spherical harmonics methods of radiative transfer as pro-
posed by Deuze (1974). The calculations have been carried out
for different single scattering albedos, and the corresponding
An and y,, have been derived by means of the Padé¢ approxi-
mants method, Egs. (14) and (15). Some spectral lines formed
in two particular clouds, called ** Venus cloud’ and * Jupiter
cloud”, were then studied. The ‘‘ Venus cloud” was charac-
terized by a refractive index m = 1.44 and a drop size
distribulior},

n{r) = ner*2 exp (~ 12rfry), 21)

having a mode radius r, = 0.83 um. This model is known to

" give a good fit to the ground-based photopolarization measure-

ments (Hansen and Hovenier, 1974). It has been studied at a
wavelength of | pm, corresponding for Venus to a region of
CO, absorption, and a continuum single scattering albedo
we = 0.9992 (Travis, 1975). Similarly, we adopted for the
**Jupiter cloud™ a refractive index m = 1.36 and a drop size
distribution,

n(r) = nofr exp (~ I3 (r/ro)/0.6), (22)

with a mean radius ro = 0.19 um (Morozhenko and Yanovitskii,
1973). Around 1 um (a region of CH, and NH, absorption) the
continuum single scattering albedo for isotropic scattering
would be w, = 0.99 (Pilcher et al., 1973) which after proper
scaling would give w. = 0.9975 for this anisotropic cioud.
Two typical examples of the distribution functions are
shown in Fig. l1a for Rayleigh scattering and Fig. I1b for Mie
scattering (** Venus cloud’) at phase angle ¢ & 120°. It must
be stressed that p(Q, A) does not have the same physical meaning
as p(1, A), p(l,, A), or p(l,, A) and thus may become negative for
certain A values without violating any physical principles. While
pl, Xy and p(l,, A) represent respectively the number of /-
polarized and r-polarized photons having travelled an optical
path length A inside the cloud, p(Q, A) is just their weighted
difference. Generally, when p(Q, A) is negative, A is moderate-
to-large and yields a *‘ dilution”” of the polarization. However,
it must be noted that p(Q, A) can also become negative for
small A when the sign of the primary polarized intensity is.
opposite that resulting from all the subsequent scattering
orders; in this case, the degree of polarization is relatively weak.
This is actually the case for the “Jupiter cloud’ around a
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Fig. 1. Distribution functions of optical paths (a) for Rayleigh scattering with w. = 0.999 and p = po = 0.5, (b) for Venus Cloud
with w, = 0.9992 and p = po = 0.47, (¢) for Jupiter Cloud near a neutral point (e = 1; g = 0.93) with w. = 0.9975 (contrast

with a and b)

neutral point of polarization, as shown in Fig. 1c. We shall
next carry a comparative analysis of EW’s between the two
cases of intensity and polarization.
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Fig. 2. Curves of growth for the same case as Figs. la and b

C. Comparison between lntensity and Polarization

In the general case, the polarized intensity originates from the
first orders of scattering so that p(Q. A) vanishes much more
rapidly than p(l. ) and. consequently, the eguivalent widths
W(Q) are much smaller than W(I). (The relative proportions
of W(Q) and W/(I) depend of course of the particular atmos-
phere and cloud considered.) This effect is particularly apparent
on the curves-of-growth shown in Fig. 2 for the two typical
cases of Fig. ] (Rayleigh scattering and Venus cloud). To
further illustrate, the variations of the EW’s as a function of
the cosine, p, of the observer's zenith angle (with a normal
incidence for reasons of computational economies) for both
cases of Rayleigh and Mie scattering, Figs. 3-6 are provided:
Fig. 3 describes the variations of the mean path length <A) (to
which the EW's of the weak lines arc proportional); Fig. 4
describes the corresponding variations of the effective path
length (A)? (appropriate for strong lincs); in Fig. 5, the
variations of the degree of continuum polarization are graphed.
Similarly, Fig. 6 shows the center-to-limb variations of these
different quantities, for Rayleigh scattering, with two different
albedo values w, = 0.999 and 0.99.

We shall now discuss these several situations for the
polarization EW’s.

1. Equivalent Widths W(Q) for Weak Absorption

In contrast with the other mean path lengths, defined earlier,
(A(Q)> can become negative, as happens for both Venus and
Jupiter clouds, since the distribution function p((Q, A) can also
become negative. Hence, strictly speaking, <MQ)) cannot
properly be called a **mean path length”. In the latter instance,
the EW’s can also become negative; this corresponds to the
fact that, for very weak absorption, |Q(w,)/Qlw)| can be
greater than 1, i.e., for Q(w:) > 0, I{(w,) decreases much more
rapidly than J(w,).
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Fig. 4. Variations of the effective optical paths (proportional to equiva'lem widths of the strong lines) with u, for the same cases
as Fig. 3 :

Nevertheless, if we except the cases of very weak polariza- not possible to use the corresponding W(Q). For strong lines,
tion (in which a discontinuity in ¢<A(Q)> can be observed around however, the situation is quite different, as will next be seen.
a ncutral point such as, for example, in the Jupiter cloud case),
IKA(Q)>] is always weak compared to ¢<A(I)) so that the values 2. Equivalent Widths W(Q) for Strong Absorption
W(Q) of weak lines are very small (see Fig. 3). Moreover, the 1In the case of strong absorption, the photons which travel a
ratio of the areas limited by the Q and I-profiles, | W(Q)Q(w.)/ very long path in the cloud are all absorbed so the polarization
W(I)l{w.)] is only about a few percent for molecular scattering  dilution effect mentioned earlier does not take place, and the
and a few tenths of a percent for Mie scattering. Thus, for the  W(Q)Y's are positive (see Fig. 4). Let us determine the range of
weak lines, since the intensity EW’s, W([), are already difficult  variation of the corresponding effective optical paths in the
to mcasure, it is clear that in the present state-of-the-art, it is  general case.
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Estimation of <A(QDY? for a Semi-infinite Layer. Using the
successive orders of scattering, we can write:
@ w' n
Q(wv) = Z Qn(wc) -1, (23)
n=1 We
where (. is the n-times scattered component of the polarized
intensity. For a semi-infinite cloud, the distribution function
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P(Q, A) can be obtained in analogy to Eq. (13) as:

_ 2 Onlw) exp (—)Ar-12

P(Q, N = "%1 Q) G=DT (24)
Then, using the definitions in Egs. (10) and (12), we get:

it Qn(wc) ‘
A = ’\n »
<AQ)> ngl Q(wc)< > (25)
with {A,> = n, and

z Qn(wc)
A uz ZL T LADYR, 2

SAOP nzl O(wr) <A (26)

with {A;>Y2 = T(n + 4)/T(n). The corresponding EW’s can
subsequently be obtained using relations similar to Egs. (9)
and (11) for Q, and Egs. (25) and (26). Now, the ratios Q.(w.)/
Q(w.), whose sum is unity, may be positive or negative. How-
ever, as far as the polarized intensity is concerned, the first
orders of scattering are preponderant and, in the case of rela-
tively strong polarization, the relation in Eq. (23) shows that
the first ratios must all be positive. Moreover, since {A,>%2 is
a slowly increasing function of n, ((A, D% = 0.886, 1.329,
1.662, 1.939, 2.181,; for n = 1, 2, 3, 4, 5,..., respectively) it is
seen that in the general case where Q.(w.)/Q(w.) becomes very
weak for n = 10, <A(Q)>*2 must be about | to 1.5. The latter
ratios will further depend onlv very weakly on w, since the
first orders of scattering are not very sensitive to this parameter.
Indeed, in the preceding examples, it is found that when w,
varies from 0.999 to 0.99, (A(Q)>*"? for Rayleigh scattering
decreases by approximately 8% while (A(/)>*2? for the same
case decreases by roughly 39%,. The corresponding variations
for the Venus cloud when w,. decreases from 0.9997 to 0.99 are
3%, and 389, respectively.

Generalization to a Finite Layer. For a cloud with a finite
optical thickness =, Eqs. (25) and (26) are still valid but the
expressions of {A,> and {A;>*? are much more complex. How-
ever, {A;>¥? can be obtained from the distribution function
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corresponding to primary scattering {Irvine (1964), Eq. (6.2)].
We find:

Y(3, Tlpo + T/

A, SY?2 =
Ao I = exp (=7/po — 7/p)

(27)

where y(a, x) = (5 #2*1 exp (—t)dr is the incomplete gamma
function. Thus, the discrepancy between the semi-infinitc case
and the finite case is larger than 109, only for 7(1/ue + /) £
2.5; this roughly gives 7 £ 1. Generalizing this conclusion to
all orders of scattering is rather speculative but, since the first
orders of scattering are even more important for the finite
clouds, it seems reasonable to say that (A(Q)>*2 will not vary
very much with the cloud optical thickness except for very small
thicknesses.

Thus, the W(Q)’s associated with strong absorption and
relatively strong polarization must be measurable in the present
state-of-the-art of detector technology; indeed, the ratio of the
areas of the Q- and I-profiles, | W(Q)Q(w.)/ W(I)w,)}, will be
about a few tenths of a percent for molecular scattering and a
few percent for Mie scattering. Specifically, Fig. 4 shows that,
for both Venus and Jupiter clouds, W(Q)/W () = {A(Q))OY?/
{A(1))¥* varies from the value ~0.13 at the zenith to ~0.30
at the horizon for an overhead sun; greater values should be
obtained for grazing incidences. For the typical example of
Venus cloud (phase angle = 124°; wavelength = I um), W(Q)/
W(I) is about 0.31; with P(w.) = — Qlw )/ (w,) = —4.3%, the
area | W (Q)Q(w,)| is about 1.3% that of |W(/){(w,)|. Greater
values could be obtained at other wavelengths [Forbes (1971)
gives a value of the polarization of nearly 9% at 3.6 umj}, or
using a detailed spectropolarimetry over the planetary disk,
which takes advantage of grazing incidences. For Jupiter,
Kemp et al. (1978) provide the following values of the 1.R.
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polarization (wavelength = 1.6 um): approximately 0.32-0.9%;
for the whole disk, 6.7% near the north pole, 0.4% at the equator
and 2.42%; ncar the south pole. The ratio of the arcas will be
approximately 0.1 or 0.2% for the integrated disk polarization,

% at the north pole, 0.19{ at the equator and 19 at thc south
pole.

3. Equivalent Widths W(l)) and W(,)

If we except the case of very strong polarization which is
practically observable only for molecular scattering, the
variations of W (/I)), W(l,), and W) — W(l,) are very similar
to those of W(I). Indeed, we have the following relationships
between these quantities:

W) — P(wIW(Q)

Wiy = TR0 O, 28)
w{ JW

w) = 2L )1 ++P }Tal) (@) (29)

and

Wy — W) = —22) iy — wQ)). (30)

1 — Pw,)

Now, as seen earlier, I7(Q) is always much smaller than W(J),
and P(w.) = —~ Q(w )/ (w,) is typically a few percent for Mie
scattering. It is then clear that W/(l,) and W/(l,) are close to
W(I), and that the variations of their difference W({,) — W{(l,)
are also very similar to those of W (7).

Experimentally, the quantity to determine corresponds to
an area limited by the line profile; thus, a measure of the ability
of determining a given cquivalent width W (/) will be the product
W(I)l{(w,.). The quantities W(I)/{w.) and W () (w.) are smaller
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than W(NI(w.) by about a factor of two; on the other hand, the
difference W(!I,) — W(/,) must be associated to an area P(w.)
smaller {see Eq. (30)]}; hence, W) — W{(l,) would be very
‘hardly measurable for weak lines.

To sum up, therefore, it appears that the most interesting
quantity to compare with W (/) is W(Q) and that experimentally,
one must restrict the analysis to lines associated with strong
absorption and relatively strong polarization. In order to
emphasize what can be expected from spectropolarimetric data,
we have drawn /-, J,-, and Q-line profiles in the same scale in
Fig. 7 (molecular scattering and Venus cloud) at a phase angle
« =~ 120°. Values of the single scattering albedo at the line
center are w,, = 0.99 (linear régime), 0.95 and 0.7 (inter-
mediate régime), and 0.2 (square-root régime). The figures
show clearly that measuring W(Q) would be possible only for
moderate-to-strong lines. These results are in agreement with,
and confirm our earlier conclusions (Fymat, 1974).

We are now in the position of being able to determine the
atmospheric information content of polarization EW’s. This
will be the object of the next section.

I11. Atmospheric Information from Polarization Equivalent
Widths

The informations coming from spectropolarimetric data by
means of the EW analysis are of a similar nature to those which
have already been obtained from the classical spectral measure-
ments. However, they are of special interest because they refer

to different sounding levels from those associated with the

former measurements. It is then important to determine how
different are the respective formation levels associated with
W), w(Q), w(), and W(l,). For this purpose, denote by ¢
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and 7 the optical depth and the total optical thickness “in the
continuum”’, and introduce the gencral distribution fi(7, ¢} of
the photons reflected at frequency v after having penetrated
into the cloud down to an optical depth between r and ¢ + dr.
Using this function, we can write the total intensity at frequency
v as: :
T

Iw,, 7) = w,, 1) j; S, tde. an
[This expression is to be compared with Eq. (2).] Practically,
approximations to f,(/, 1) could be obtained by computing the
intensity refiected from clouds of increasing optical thicknesses:

1 Iw,, t + A1) = Kw,, t — Af)

S 1) = g 257

(32

with the limiting value for + — 0 (cloud top) being provided
from primary scattering:

1 . [a’l,(:i.,, t)].

/1,0 = w7 Ii".? (33)

For reflection from a semi-infinite atmosphere, we have:
L(eve, y

fi1, 0y = e hlwe 2) (34)

B+ po Hwe, )’

which is, of course, independent of frequency.

In the same way, we can define the other distribution
functions fy(],, 1), fi{l,, ¢}, and /,(Q, 1). Examples of these distri-
butions for Rayleigh scattering are shown in Fig. 8 for different
values of w,, w. = 0.99 and 7 = 4; the observer’s zenith angle
is 60° for normal incidence. It appears clearly that the polarized
intensity comes only from the upper levels of the layer and,
therefore, that absorption occurs at much higher levels for
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Fig. 9. Limiting valuc near the cloud top of the distribution functions of the penetration depth, for the samec cases as Fig. 3

Q-lines than for I-, /-, or I,-lines. Increasing = or w, will allow
the photons to come from deeper levels, but that will affect
(@, 1) only slightly and, thus, the difference between the levels
where absorption occurs for @-lines and /-lines will increase.
For weak polarization, f(Q, 0) can be negative. As stated
carlier, this is a consequence of the primary polarized intensity
having a sign opposite that of the total polarized intensity. If
we except this case, the limiting values of the f-functions for
t — 0 are indicative of the general features of these distribu-
tions. These limits are shown in Fig. 9 as a function of p for
molecular scattering and for Mie scattering (Venus and Jupiter
clouds). Excluding the discontinuity of f(Q, 0) for the Jupiter
cloud (associated with a neutral pointy, f({, 0) and f(Q, 0) are
seen to increase with decreasing p, which is clearly related to a
higher formation level at grazing angles. It also appears that
the formation levels of the Q- and the /-lines must be quite
different although the /-, /-, and [,-lines must be formed at
close levels for Mie scattering. As a matter of fact, with the
relations I, = (I + Q)2 and I, = (I + Q)/2, we can write:

S, 1) = Plw)f(Q, 1)

Sty = HEDZ PG D) (35)
and

_ AL D) + PO, 1) |
.fV(Ih ’) - l + P(wc) L} (36)
or
P 1) = A0, 1) = s U 1) = (@) G)

Since the degree of polarization P(w,) is generally small, £,(1;, ¢)
and f(I,, t) are not very different from f;(l, t). Their difference
AL, 1) = fl,, 1) will also exhibit the same features as £,(/, 1)
at great optical depths for which abscrption occurs principally.
Therefore, W(I), W), and W(J,), and even the difference
W) — W(l,), correspond to roughly similar levels whereas

W(Q) corresponds to a much higher level of the scattering layer.
W) and W(l,) would correspond to very different levels only
if P(w.) were large, that is, for molecular scattering.

Let us now set forth explicitly the atmospheric and cloud
information that can be provided by spectropolarimetry using
only equivalent widths.

A. Cloud Top Height

Consider several lines belonging to the same régime of the
curve-of-growth. The variation of their EW’s with the line
intensity can be written as:

W = KS®, (38)

where b = 1 for the linear régime and b = 0.5 for the square-
root régime [see Egs. (6) and (7) for a clear atmosphere and
Eqs. (9) and (11) for a scattering atmosphere]. The line intensity
is temperature dependent through the Boltzmann factor and
the partition function Z(7), according to the relation:

Z(T) 1 1

S(T) = S(To) 222 exp (1.4395'(—- - -))

Z(T) .~ T 39

where £ = B'm(ma)is the rotational energy of the lower state
of the transition and 7, is a reference temperature. Thus, we
can write:
ln W =InW, - 1.439bE’(-1—) ' (40)
im[t T

The rotational temperature is then deduced from the siope of
the curve W versus the rotational energy E” (see, e.g., Gray-
Young, 1969; Margolis and Fox, 1969). It is possible to
associate this temperature with a pressure P using a temperature
profile derived from direct and ground-based infrared data
(Marov, 1962; Orton and Ingersoll, 1976).

This method can also be applied to the polarization EW’s.
If the absorption occurs only in the scattering layer, the
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rotational tempcrature 7( Q) derived from W(Q) will correspond
to a higher level than that derived from cither the intensity or
the photopolarization, and this level will also be closer to the
cloud top (P > P.,). On the contrary, if the absorption occurs
only in the clear atmosphere (with no scattering) above the
cloud, the rotational temperatures derived from both the total
and the polarized intensities will be similar and will correspond
to a pressure P ~ P,./2. In a realistic case, the rotational
temperature 7(Q) can be associated with a level relatively close
to the cloud top; while the precise location of this Jevel depends
on the relative importance of the absorption in the clear and the
cloudy atmosphere, it will always be higher and nearer the cloud
top than that derived from either intensity or photopolarization
data. Such measurements could equally be helpful for the study
of the Jovian atmosphere for which, unlike the Venus atmos-
phere, neither the pressure at the top of the first cloud layer nor
the relative importance of the clear and cloudy atmospheres are
well known. Concerning the Venus atmosphere, the rotational
temperature derived from the polarized intensity could be used
to locate more precisely the cloud top and confirm that the
clear atmosphere above the cloud has only a small influence.
This problem., however, becomes more complex when absorp-
tion occurs simultaneously in both the clear and the cloudy
atmosphere because the expression of the EW’s becomes much
more comphcated and invoives more parameters (Fouguart,
1975).

B. Sca?e-heiglzt Ratios

Let us recall briefly what can be deduced from the total intensity
line measurements. The relations in Egs. (9) and (11), or the
more general relations in Egs. (8) or (16), have been derived
for homogeneous scattering atmospheres in which the param-
eters M, S, and «; remain constant within the cloud. If further,
w. does not vary with optical depth, the path lengths <A)> and
{A>D¥2 and more generally the distribution functions, will
remain unchanged for the realistic atmospheric mode! in which
the pressure varies with the optical depth. (They can bc com-
puted for a given w. and a drop size distribution which can
themselves be derived from photometric and photopolarimetric
data.) In this case, the average quantities M, S and &, will be
generally different for different régimes of the curve-of-growth.
With the knowledge of the rotational temperature and the line
intensity, and for given scattering properties of the cloud layer,
one can derive the specific abundance M, from the weak lines
[see Eq.(9)] and, from the strong lines [see Eq. (11)], the product
MP;, where P is the pressure of the formation level of the
strong lines. Now, if the scale heights of the scattering particles
and the absorbing gas were equal, M,, = M,, and one could
obtain P, from simultaneous measurements of strong and weak
lines belonging to the same narrow spectral interval. (This is a
restrictive condition due to the wavelength variations of the
particles’ properties.) On the other hand, if the scale-height ratio
is unknown, one must use some independent data such as
occultation or polarization measurements in order to determine
it (Lacis, 1975). Spectropolarimetry could be very helpful in
this regard since the above ratio could be deduced directly
from simultancous measurements of /- and Q-lines without
resorting to independent experiments. We shall detail the
procedure in the case of cloud particles or a gaseous minor
constituent imbedded in the ambient air.

_60_

1. Gas-to-cloud Particles

Let m = H,/H, denote the scale-height ratio of the ambicnt
gas to the scattering particles, and assume that the mixing ratio
of the absorbing gas to the ambient gas is roughly constant
within the cloud (this'is, for example, the case of CO; on Venus).
Then. the quantities MJ(/)P(J) and M Q)P,(Q) can be derived
from the equivalent widths of the strong I- and Q-lines; here,
Py(I)and P,(Q) are the pressurc at the J- and Q-line formation
levels. Thus, if the difference in altitude between these two lcvels
1s z(z > 0), we have:

P,(I) = P(Q)exp (z/H,), “1n
M) = M{Q)exp (z/H, — z/H}), (42)
and thus,

12 1. (M(QP(Q)

"o z" ( MADPLD) ) - “3)

Without any assumption on z, one can readily derive some
information about the value of m since:

MAQPAQ) 5 | _
MR <M

44)

With some idea about the value of z. m can be determined more
precisely. As an example, for the Venus clouds, the photo-
polarization level was found to be close to 50 mb (Kawabata
and Hansen, 1975) (Note that this level could be determined,
as discussed in Sect. H1.A above, from the rotational tempera-
ture of the Q-lines); the formation level of the COy lines is
around 120 mb (Dierenfeldt et al., 1977). These pressures
correspond approximately to 68 km and 64 km heights (Marov,
1972); with H, = 5.3 km, wc have from Eq. (43):

m=2+ 1.321n (“—;%P—%) 45)

or, assuming «; = «o{P/PoXTo/T) 2 in Eq. (11),
WAQSTHTH AU

ma 2+ 132 '“{W=<1)S(TQ)T:'2<A(Q» “6)

where 7; and Ty, are the I and Q rotational temperatures. This
relation could be used to derive m and to verify the value
= 1.5 proposed by Lacis (1975).

2. Gas-to-gas

When m = H,/H, is known, it is possible to derive the scale-
height H, of some minor constituent such as CO on Venus.
Indeed, instead of Eq. (48) we have in this case:

M(QP:(Q) Q)
MADPU)

where M,(Q)PAQ) and M;(I)P{I) are obviously deduced
from the EW'’s of the strong lincs of the minor constituent, and
z’ would correspond to the difference in the levels of formation
of the /- and QO-lines of this same constituent. In this manner,
it should be possible for example to determine the scale-height
of CO on Venus and, thus, to have some information about the
dependence on altitude of the mixing ratio of CO to CO,. As

47
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in the previous situation, even without the knowicdge of 2/, we
can readily state the result

MOWPQ) o
MWPI = H,

(48)

If, however, z" is known, Eq. (47) could be used for deriving
H, more accurately.

C. Vertical Profiling of Cloud Paramcters

More generally, a better knowledge of the vertical profile of
some cloud paramecters could be retrieved from spectropolari-
metric measurements. One way of obtaining information
about the vertical structure of a planetary atmosphere using
spectroscopic data is to study the reflected radiation for
different zenith angles (phase-angle variations or center-to-limb
variations for thc outer plancts). Here, we recall that W(Q)
is essentially scnsitive to the first orders of scattering and that
it corresponds to levels of formation in the cloud that vary
according to the zenithal angles of incidence (8, = cos™? w)
and observation (8 = cos~?! u). This will be much more pro-
nounced than for W(/) since the latter quantity corresponds to
the deeper levels where the higher scattering orders play an
important role. Thus, for H/(/), the depth rcached by a given
photon optical path A will dependgon the geometry (Fouquart,
1975) while in single scattering/of rclevance to W(Q) this

depth is: N-v2%
t = (1 + 1)-l/\.
I

Hernice, the formation levels associated with W(Q) must have
a strong variation with (u, o) as confirmed by Fig. 9. Conse-
quently, different cloud levels will be sounded with different
(i, po) values, i.c. with different phase angles. The deepest Q
formation levels should approach the highest /7 formation levels
(corresponding to great zenith angles). Spectropolarimetry is
thus a very useful 100l for vertical investigation of cloud
characteristics.

_ Moreover, if molecular scattering is important {which may
be the case for UV spectra), it could be possible to sound
simultaneously four different formation levels associated to
w(l), W(Q), W(l), and W(l,) (see Figs. 8 or 9).

1V. Summary and Conclusions

1. The theory for the curve-of-growth of absorption lines
formed in Venus’s and Jupiter’s clouds has been generalized to
the case of polarization, particularly for the Stokes’s parameters
1, I,, and Q. Linear and square-root régimes, with the corre-
sponding mean and effective optical paths, have been obtained
in each case. When the photon path-length distributions asso-
ciated with each Stokes’s parameter are evaluated using Padé’s
approximants, analytical expressions can be derived for the
corresponding equivalent widths. In both Venus and Jupiter,
the equivalent width for Q is always smaller than those for
1, 1, and I; and must therefore correspond to a higher level in
the cloud. For the disk-integrated polarization, it is approxi-
mately 1-5% that of 7 in the case of Venus, and approximately
0.5% for Jupiter. Hence, it is concluded that equivalent widths
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in polarization are measurablc for both planets with good IR,
detectors. Polarization detailed over the planetary disk would
be different according to the region observed on the disk and
to phasc angle, but it will yield in most cases a larger ratio of
the equivalent widths which would lead to an even simpler
measurement,

2. Spectral line polarization (particularly that for Q), if
formed in the cloud, will correspond to levels somewhere
between the cloud top (P, and the photopolarization level
below. The component intensities, 7, and I,, are formed further
below but at substantially the same level as I. An approximate
location of the cloud top that is more accurate than that
derived from photopolarization can be obtained from the
rotational temperature of the Q-lines. On the other hand, if the
spectral polarization is formed in the clear atmosphere above
the cloud, the associated rotational temperature and that
derived from the intensity spectrum would correspond sensibly
to the same level, P,p/2. This argument can in turn be used for
determining whether the clear atmosphere above the cloud
plays any significant role in the line absorption and polarization
processes.

3. Since spectropolarimetry sounds simultaneously two
different cloud levels (one corresponding to the unpolarized,
and the other to the polarized, intensity) the ratio of the CO,
scale-height to that of the cloud particles can be determined
from the combined interpretation of intensity and polarization
equivalent widths. This determination does not resort to any
other independent measurement. For Venus, if the altitude
difference between the levels of formation of Q- and /-lines is
known, an analytical expression, Eq. (43), has been provided
for this ratio.

4. With the knowledge of the CO,-to-cloud particies scale-
height ratio, the similar ratio between CO (or any other appro-
priate minor constituent) and CO, can likewise be determined,
Eq. (47).

5. Another interest of W(Q) over W), W(l), and Wil,) is
the fact that. being essentially sensitive to the first orders of
scattering, it will correspond to levels of formation in the cloud
that are different according to the angles of incidence, uo, and
observation, u. This will be much more pronounced than for
W(I) since W(I) is formed at deeper ievels where the higher
scattering orders enter into play. In this latter case, the depth
in the cloud reached by a given photon optical path A will
depend little on the geometry (Fouquart, 1975) while, in single
scattering, this depth is (1/u + 1/uo)~'A. Thus, different cloud
levels will be sounded with different (u, o) values, i.e. with
different phase angles.
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CEAPITRE 1V

LES PROFILS DE RAIES
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INTRODUCTION

Nous avons déja souligné la difficulté de définir la largeur équi-
valente d'une raie du fait que l'intervalle spectral est toujours limité et
le niveau continu souvent incertain (cf. chapitre II-§ 4). Cet inconvénient

est particuliérement renforcé pour la bande 3v du méthane dans les spectres

3
joviens, d'une part & cause de la présence de multiplets parmi les raies du
méthane, et d'autre part a cause de la présence d'une absorption continue
due & l'hydrogéne.

Dans la bande 3y, du méthane, les raies correspondant & un nombre

3
quantique J 2 2" sont en fait des multiplets de raies trés rapprochées.
L'absorption totale n'est pas suffisamment faible pour que 1l'approximation
linéaire soit applicable et les raies dans un multiplet ne sont pas suf-
fisamment séparées pour que l'absorption puisse &tre négligée dans la ré-
gion de recouvrement ; il n'est donc pas possible de considérer la largeur
équivalente d'un multiplet comme la somme des largeurs égquivalentes indivi-
duelles des raies du multiplet. De ce fait, méme pour le modéle de la couche
réfléchissante (RLM), il n'existe plus d'expression analytique de la lar-
geur égquivalente. La technigue de la courbe de croissance peut encore étre
appliquée1 mais elle nécessite de calculer les largeurs éguivalentes par
intégration numérigque avec un pas en fréquence suffisamment fin. Le calcul
de la largeur égquivalente nécessite donc, en pratique le calcul du profil

de la raie.

La présence d'une absorption continue due & la bande dipolaire de
l'hydrogéne2 limite encore les possibilités de la technique des largeurs
équivalentes. En effet (i) le niveau du pseudo-continuum est mal défini
car l'affaissement du continuum est d4 & l'aile de la bande dipolaire mais
aussi aux ailes de raies fortes du méthane ; cette derniére cause a d'au-
tant plus d'importance que l'atmosphére est diffusante ; ainsi, la mesure
de la largeur égquivalente d'une raie doit &tre évaluée trés différemment
selon que l'on considére une atmosphére claire (RLM) ou un nuage homogéne
(HCM) ; (ii) l'absorption due & l'hydrogéne n'est pas constante sur tout
1l'intervalle spectral considéré ; cette variation affecte les paramétres
tels gue 1l'abondance "apparente" : 1l‘'abondance de méthane rencontrée
par les photons en absence d'absorption par le méthane n'est pas la méme
suivant 1'importance de l'absorption par 1l'hydrogéne, dans une atmosphére

diffusante.
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Ainsi, l'étude des profils de raies s'avére étre pratiquement la
seule méthode d'analyse de la région de la bande 3v3 du méthane dans les
spectres joviens. Nous présenterons d'abord, de maniére non exhaustive,
les possibilités et les limites de la technique du spectre synthétigue. Nous
développerons ensuite une méthode de calcul adaptée & cette technique. Si
le calcul est aisé lorsque l'absorption dans les nuages est négligeable par
rapport & l'absorption en atmosphére claire, il n'en est pas de méme lorsque
toute l'absorption a lieu dans le nuage. L'approximation de CURTIS—-GODSON
généralisée n'est pas satisfaisante au voisinage du centre d'une raie mais
donne un excellent accord dans les ailes (cf. chap. I). Elle apparait donc
comme une bonne base de départ pour rechercher une approximation valable
pour tout le profil. Nous présenterons la méthode de calcul dans un cadre
tout & fait général ; nous conserverons, pour les illustrations, les modéles
d'atmosphéres décrits dans le chapitre I. Nous verrons ensuite son applica-

tion aux spectres de Jupiter et de Saturne.

I - POSSIBILITES ET LIMITES

Nous ne nous sommes pas souciés jusqu'd présent de la convolution du
profil d'une raie d'absorption par un profil instrumental. En effet, cette
convolution ne modifie pas la mesure de la largeur équivalenﬁe d'une raie si
la limite de résolution reste trés petite devant l'intervalle spectral con-—
sidéré. Par contre, le profil instrumental a une trés grande importance
lorsque l'on compare des profils synthétiques & des profils expérimentaux.

Il importe donc de définir au départ guelques ordres de grandeurs concernant
la résolution des spectres étudiés. Ceux-ci sont présentés dans le tableau
page suivante.

La limite de résolution expérimentale AV est comparée 3 la demi-largeur de
LORENTZ "apparente" a(a,r%), c'est & dire celle qui serait déduite de 1l'étude
de largeurs équivalente de raies isolées. Le rapport Av / a(g,rg) est treés
grossiérement égal & 2 pour les modéles moyens obtenus pour Vénus3 et Jupiter4

et n 10 pour le modéle moyen obtenu pour Saturne5

De méme, on peut s'inquiéter de savoir si le profil d'absorption est
suffisamment bien représenté par un profil de LORENTZ et s'il n'y a pas lieu
d'utiliser un profil de VOIGT tenant compte & la fois de l'élargissement
de la raie par collisions et par effet DOPPLER. Les différences entre les

largeurs équivalentes de raies de VOIGT et de LORENTZ ne sont notables que
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Planéte Vénus Jupiter Saturne

Référence DUR'I‘ESTE3(1978) | BURIEZ et BURIEZ eE
DE BERG (1980) DE BERGH™ (1980)

Région spectrale . 8150-8210 em ! 9045-9135 cm ' | 9045-9135 cm
étudiée §

- } . -1 -1 —1
Limite de résolution 0,016 cm 0,09 cm 0,20 cm
expérimentale Av

oA -1 ; -1 -1
a(Q,xP) N 0,008 cm . N 0,05 cm ~v 0,02 cm
Av / a(8,zB) N2 N2 N 10

vy = a@,rB) / 85 | ~ 1 NS N2

/2

pour les faibles valeurs du rapport y = o/B, (B(£n2)1 est la demi-largeur
DOPPLER) . Pour des raies formées le long d'un trajet homogéne, JANSSON et
KORB6 rapportent des écarts inférieurs & 5 $ pour y =1 ; 1,5 % pour y = 2
et 0,2 % pour v = 5. L'utilisation d'un profil de VOIGT pour l'étude des
largeurs équivalentes de raies n'est donc pas indispensable, surtout pour
les planétes joviennes (voir les rapports a(g,rg) / 8(8) dans le tableau
précédent) . Si, maintenant, on compare des profils synthétiques de raies
de VOIGT et de LORENTZ formées le long d'un trajet homogéne, on observe des
écarts maximums entre les intensités relatives Iv / Ic égaux & 0,1 pour
y=1; 0,04 pour y = 2 et 0,007 pour y = 5 ; ceci pour une résolution in-
finie. Si l'on considére une fonction d'appareil triangulaire ayant une lar-
geur a mi-hauteur égale & deux fois la demi-largeur de LORENTZ, les écarts
précédents tombent respectivement & 0,03 ; 0,008 et O0,001. Ces écarts restent
relativement faibles ; ils sont toutefois amplifiés dans le cas d'une atmos-
phére diffusante inhomogéne. Nous utilisons donc le profil de VOIGT pour les
profils synthétiques comparés aux profils observés. Mais, par souci de sim-
plicité, nous conservons le profil de LORENTZ pour illustrer les possibilités

et les limites liées aux profils de raies.
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Comme pour l'étude des largeurs équivalentes de raies (chap. II)
nous nous limiterons d'abord au cas idéal de raies isolées (définies sur un
intervalle spectral théoriquement infini). Nous nous placerons ensuite dans

le cas plus réaliste de raies non isolées.

a) - Raies isolées

Nous avons vu, dans le chapitre II, que 1l'étude des largeurs équiva-
lentes de raies permet — dans le cas idéal de raies suffisamment isolées
— de déterminer l'abondance de gaz absorbant "apparente" (ou abondance
"moyenne") My et la demi~largeur de LORENTZ "apparente" a(a,rﬁ). Mais elle
ne permet pas de déterminer séparément l'indicateur de diffusion r et la
demi-largeur "moyenne" a(a,a). Sur la figure 1, les profils de raies isolées
correspondent & une méme abondance uy et une méme demi-largeur a(B,rﬁ) pour
les différents modéles d'atmosphéres (RLM, TCM, HCM, DCM) déja utilisés
dans les chapitres I et II. A une intensité de raie S(@) donnée, correspondent
des largeurs équivalentes sensiblement égales pour les quatre modéles (les
écarts restent inférieurs & 5 %). Trois valeurs représentatives du rapport
S (o) Uy / 0 (6,rP) ont &été sélectionnées : 0,3 (raie faible) ; 3 (raie inter-
médiaire) ; 30 (raie forte). Les profils sont convolués par une fonction
triangulaire de largeur & mi~-hauteur égale & deux fois la demi~largeur
"apparente" de LORENTZ (Av/a(@,rg) = 2).

Cette figure 1 illustre de fagon particuliérement frappante le
titre de cette section : schématiguement, & droite de la figure, les "pos-
sibilités" et & gauche, les "limites". D'un c6té, les profils correspondant
a& la couche réfléchissante (RLM) et au nuage homogéne (HCM) sont trés diffé-
rents bien qu'ils correspondent auk mémes valeurs de l'abondance 4 et de la
pression "apparente" r¥. De l'autre c6té, les profils correspondant au mo-
déle a deux nuages (TCM) et au nuage dispersé (DCM) sont trés voisins bien

qu'ils correspondent & une réalité trés différente.

Les deux premiers modéles (RLM et HCM) correspondent & des valeurs
de l'indicateur de diffusion trés différentes : respectivement r = 1 et
0,35. Au contraire, les deux autres modéles (TCM et DCM) correspondent res-
pectivement & O,63 et 0,61. D'une fagon générale, l'analyse des profils de
raies permet de déterminer l'indicateur de diffusion r : dés que la distance
au centre de la raie (v-vo) est grande devant la demi-largeur de LORENTZ, le

rapport des intensités & la frégquence v et dans le continu peut s'écrire de
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fagon guasi-exacte

~

I o N "\
2= | o) e (.Mﬁj &, (Iv-1)

2
c o n(v-vo)

oa p(ﬁ) est la distribution de l'abondance de gaz absorbant pondérée par la
pression et la température (cf. chap. I).
En particulier, trés loin dans les ailes, lorsque l'absorption devient
faible, on obtient

I

&
NN A
li% EX— =1 - §i§l———§ a{6,P) “1 .
S(B) 4o\ c 'n’(\)'\)o) {Iv-2)

(v—vo)2
L'analyse des ailes de raies permet de déterminer le produit a(8,%) ﬁl' Les
profils de raies permettent évidemment d'obtenir l'information contenue dans
les largeurs équivalentes, c'est & dire les guantités My X ﬁl et
a(%,r%) =r a(%,%). Il est ainsi possible de déterminer 1l'abondance "moyenne"
Hyr la demi-largeur de LORENTZ "moyenne" a(%,%) et l'indicateur de diffu-

sion r. 3

L'inversion de l'équation (IV-1) permet, en théorie, de déterminer
non seulement le rapport r = (31/2) / ﬁl mais aussi toute la fonction de
distribution p(ﬁ). En pratique, l'inversion de la transformée de LAPLACE est
mal conditionnée. Nous avons déja souligné ce probléme dans le chépitre I.
Des calculs d'intensités ont été effectués pour un trajet homogéne a l'aide
de la fonction de DIRAC et & l'aide de la fonction de distribution approchée
représentée sur la figure 1! du chapitre I. Bien que les deux distributions
soient bien différentes, les écarts AIv / Ic restent inférieurs &

5 x .10"5 (pour Iv/Ic > 0,005). La distinction entre les deux distributions
nécessiterait donc un rapport signal / bruit & peu prés 1000 fois supérieur
a4 celui obtenu pour les spectres joviens étudiés. Il est donc, en pratiqgue,
impossible d'obtenir par inversion de l'équation (IV-1) la distribution
p(a) exacte. Par contre, la détermination de quantités intégrées telles que

N N .
les moments My et B1/2 est possible.

Nous n'avons fait appel, pour la détermination de l'indicateur
de diffusion r, qu'ad la forme des ailes des raies. Une information supplé-
mentaire peut étre obtenue & partir de la région centrale des raies : com-

parons les raies correspondant au modéle & deux nuages (TCM) et au modéle
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du nuage dispersé (DCM) de la figure 1. Au centre des raies, les écarts ne
sont pas dG au fait que les indicateurs de diffusion r soient légérement
différents. D'une fag¢on gui peut paraitre paradoxale, lorsque l'on ajuste
le rapport Pl/P2 (pression du ler nuage / pression au sommet de 2e nuage)
pour obtenir r = 0,61 comme pour le nuage dispersé, les écarts maximals
aux centre des raies sont doublés : AI\)/IC = 0,050 pour Pl/P2 = 0,20

(au lieu de AI\)/Ic = 0,025 pour Pl/P2 = 0,25). Ceci est 1lié au fait gue 1la
distribution p(a) n'est appropriée que pour les ailes, la ou le coefficient
d'absorption est proportionnel & la demi-largeur de LORENTZ . Elle n'est
pas appropriée pour le centre et les épaules de raies puisque le coeffi-
cient 4d'absorption diminue avec o pour v - v, <o puis augmente pour

Vo= v > a. Au centre d'une raie "convoluée", il n'est pas possible de dé-
finir "un"coefficient d'absorption. L'information supplémentaire obtenue
par l'analyse de la région centrale des raies ne peut donc pas s'exprimer
d'une fagon aussi simple que pour les ailes de raies. Cependant, a cauée
de la loi de variation du coefficient d'absorption en fonction de la pres-
sion, il est clair gue cette information concerne les hautes couches de
l'atmosphére alors gue les ailes de raies sensibles au facteur ﬁl a(B,ﬁ)

sondent des couches plus profondes.

Il est hors de question d'espérer déterminer la structure réelle,
extrémement complexe, de l'atmosphére & partir des seuls profils de raies.
Imaginons que la structure de 1l'atmosphére étudiée soit celle d'un nuage
dispersé (DCM) et que les trois raies reportées sur la figure 1 soient des
raies expérimentales. Essayons de faire colIncider les profils d'un modéle
4 deux nuages (TCM) avec ces profils "expérimentaux". La mesure des largeurs
équivalentes fixe les paramétres My et rg. Oﬁ peut encore ajuster le rap-

port des pressions Pl/P2 et 1l'épaisseur optique 1, du premier nuage. Pour

1

le cas de la figure 1 (Pl/P2 = 0,25 et 1, = 1), les écarts entre les profils

synthétiques et "expérimentaux" ne sont iignificatifs (supérieurs au bruit
expérimental) que si le rapport signal / bruit est supérieur & 40. Pour Ty
fixé, le meilleur accord est obtenu pour Pl/P2 = 0,30, cas ol les écarts ne
sont significatifs que pour s/n > 100. On pourrait encore améliorer cet.accord
en faisant varier Ty- Il n'est donc pas possible d'éliminer 1'hypothése de
deux couches nuageuses denses distinctes. Du point de vue optique, ce modéle

& deux nuages est une schématisation - grossiére = du nuage dispersé. La
figure 2 représente la relation entre la profondeur optigue tc (définie

dans le continu) et la pression P pour les deux modéles (DCM et TCM) : nous
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Figure 2 - Variation de la profondeur optique tc en fonction de la pression. P pour une pression apparente rB. La courbe
continue correspond au nuage dispersé (DCM ; Hp/Hg = 1/2) ; les courbes en escaliers correspondent au modéle

a4 deux nuages (TCM ; pressions P, et P,)_ 191/p2 = 0,3 et —— - PI/PZ = 0,2. !

- IL



- 72 =

avons reporté le cas ol Pl/P2 = 0,20 (cf. § précédent : méme indicateur r
gue pour le nuage dispersé, et donc meilleur accord dans les ailes de

raies) et le cas ol PI/PZ = 0,30 (meilleur accord pour tout le profil) ; la
courbe continue du nuage dispersé est approximée par les courbes en escalierxr
des modéles & deux nuages ; la relation tC(P) est mieux approximée par le cas
Pl/P2 = 0,30 dans les hautes couches de 1l'atmosphére ; c'est pourquoi il

donne un meilleur accord aux centres de raies.

En pratique, la technique du spectre synthétique permet d'éliminer
un certain nombre de modéles d'atmosphére mais elle ne permet pas de déter-
miner "le" modéle d'atmosphére. Les différents modéles qgui permettent 1'ac-
cord entre spectre synthétique et spectre observé correspondent, du point
de vue optique, & une schématisation -—plus ou moins grossiére suivant la

qualité du spectre expérimental —- de la structure réelle de l'atmosphére.

b) - Raies non isolées

Nous avons vu dans le chapitre II, que la largeur équivalente d'une
raie est difficile & mesurer & cause d'un intervalle spectral toujours 1li-
mité et d'un niveau continu souvent incertain. Ces inconvénients conservent-

ils autant d'importance pour les profils de raies ?

Considérons d'abord le recouvrement des raies dans le cas d'un ni-
veau continu connu. Si l'on utilise la technique de la courbe de croissance,
i1 faut extrapoler dans les ailes la forme gu'aurait une raie si elle était
isolée. Lorsqu'on calcule un profil synthétique, on prend en compte les raies
voisines et il n'y a donc pas lieu de faire une telle extrapolation ; on
analyse tout le profil expérimental ; en particulier la région de recouvre-
ment des raies est favorable & la détermination du produit 331' puisque,

comme pour l'éguation (IV-2), on peut écrire

I 1’2\) -

Aim i I e S (1v=3)
k C :

Vv

- => 0O

n,

P

avec

fé\) s, (8) o, (6,7)
Pl My ceseva . Al ; (1v-4)
P Jj Qj [e)



la sommation sur j concerne toutes les raies du spectre ; Po est une pres-
sion de référence (Po = 1 atm) . Le recouvrement des raies n'entraine pas

de limitation dans la détermination des différents paramétres, sauf si l'on
analyse un domaine spectral ol 1'absorption est si forte gque 1l'on observe
en tout point un affaissement notable du continuum. Dans ce cas, le passage

& la limite de 1'équation (IV-3) est imprécis.

Un affaissement du continuum rend en général difficile la localisa-
tion de celui-ci sur le tracé du spectre. Il en résulte une incertitude sur
llintensité dans les ailes de raies et donc sur les principaux paramétres
physiques. La valeur de l'intensité aux centres des raies reste cependant
peu modifiée et donc l'information concernant les trés hautes couches de

1'atmosphére est peu perturbée.

En conclusion, l'analyse des profils des raies est beaucoup plus
riche en informations que la seule étude de leurs largeurs équivalentes.
Le recouvrement des raies n'est pas "en soi" un handicap pour l'interpré-
tation des profils alors qu'il en est un pour celle des largeurs éguiva-
lentes. Une analyse fine du spectre expérimental requiert toutefois une

bonne détermination du .niveau continu,

La technique du spectre synthétigue ne permet pas de déterminer la
structure réelle de l'atmosphére mais simplement une schématisation de
celle-ci. L'utilisation de modéles trés complexes ne peut étre justifiée
que si (1) de nombreux paramétres peuvent étre fixés grice & des mesures in-
dépendantes de l'étude des profils de raies, (2) les spectres sont de qualité

exceptionnelle & la fois en résolution et en rapport signal / bruit.

Si l'atmosphére étudiée est encore mal connue, il faut donc se con-
tenter d'utiliser des modéles d'atmosphére trés simples et rechercher des
informations essentielles telles gue : (i) quelle région de..l'atmosphére
sonde-t-on avec les spectres observés ? (la détermination de la pression
"apparente" r% ou la pression moyenne 3 fournit une information intéressante)
(ii) cette région de l'atmosphére est-elle trés diffusante ? (r est un excel-
lent indicateur) ; (iii) en particulier, la diffusion joue-t-elle un réle
important dans .les trés hautes couches de l'atmosphére ? (les centres de
raies y sont essentiellement formés) ; (iv) éventuellement, quelle est la

concentration du gaz absorbant ? (ul est 1'abondance "moyenne" de gaz absor-

~
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bant) .

II - METHODE DE CALCUL

La technique du profil synthétigque nécessite de calculer le rapport
des intensités I\)/Ic en tout point du spectre étudié. Malgré le développement
de méthodes de résolution de l'équation de transfert, celles-ci ne sont pas
actuellement adaptées & cette technique. En effet, prenons l'exemple précis
des spectres joviens gque nous avons étudiés ; l'intervalle spectral de
90 cm * est décrit avec un pas de 0,012 cm~ ! (pas nécessaire pour prendre
en compte la convolution par la fonction d'appareil) ; il est hors de gques-
tion de résoudre l'équation de transfert 90 / 0,012 = 7500 fois pour chague

modéle envisagé !

Ce nombre peut étre restreint : si le calcul exact de l'intensité
réfléchie est effectué pour quelques fréquences judicieusement choisies,
on peut interpoler les valeurs de l'intensité aux autres frégquences. Le
profil d'une raie individuelle peut étre assez bien décrit & partir d'une
dizaine de points (v 5 points, si elle est symétrique). Plus de 40 raies
du méthane ont été étudiées ; ainsi, cette méthode nécessiterait encore de
résoudre l'éguation de transfert de 200 & 400 fois pour chagque modéle
(c'est & dire a chaque fois que l'on change une caractéristique de 1l'at-

mosphére, ne serait-ce gque la concentration en gaz absorbant).

Il a donc été nécessaire de développer une méthode de calcul appro-
ché, trés rapide, adaptée & la technique du spectre synthétique. La néces-
sité de résoudre de nombreuses fois l'équation de transfert tient au fait
qgue les processus d'absorption et de diffusion sont intimement liés dans
les atmosphéres diffusantes inhomogénes. Nous envisagerons donc d'abord
deux cas extrémes : (a) toute l'absorption a lieu en atmosphére claire (la
séparation entre les phénoménes de diffusion et d'absorption est relati-
vement simplie), (b), toute l'absorption a lieu en atmosphére nuageuse. Nous
verrons ensuite le cas du modéle "diffusant et réfléchissant” (RSM) qui est
le modéle d'atmosphére inhomogéne le plus couramment utilisé pour 1'étude
des planétes (voir, par exemple, pour Vénus, REGAS et al7_8 ; pour Jupiter,

9 11 12 13
CLEMENTS , WALLACE et SMITHlO, COCHRAN , WEST ; pour Saturne, MACY 7).
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a) - Toute l'absorption a lieu en atmosphére claire

Méme pour le modéle le plus simple, celui de la couche réfléchis-
sante (RLM), 1l'approximation de CURTIS-GODSON n'est pas adaptée & l'étude
des spectres & haute résolution. La figure 4 du premier chapitre montre
des écarts trés importants entre le profil exact et le profil approché. La
convolution de ces profils par une fonction d'appareil diminue les écarts
AIv/Ic maximums ; ils restent cependant de l'ordre de 0,05 pour une limite
de résolution Av = 2 a(@,%)-

Le profil exact peut étre facilement calculé a partir de

Iv/Ic = exp(-név) P (IV-5)

ol n est le facteur de masse d'air et 6v 1'épaisseur optique de la couche
d'atmosphére claire au-dessus de la pression Pc de la surface réfléchissante

P

¢ *

§ = kv(P,G) cH dp . (IV-6)

o

#

c est la concentration de gaz absorbant et H 1'échelle de hauteur de pres-
sion ramenée & 273° K. Dans le cas particulier d'une raie de LORENTZ formée

dans une atmosphére isotherme dans laguelle la concentration ¢ reste cons-

tante, l'équation (IV-6) s'intégre analytiquement

S u '
"6 =———£fr——ﬁn 1 (&“QP)) ) (IV-7)
v 470 (6, P) P

c
A%
avec B = Pc/2 et Wy = nii EH* dp = 2n cH* P.

Dans le cas général, l'équation (IV-6) s'intégre numériguement en découpant

la couche inhomogéne d'atmosphére claire en plusieurs sous-couches homogénes.

Considérons maintenant le modéle & deux nuages (TCM). On suppose
gue les nuages sont suffisamment denses pour que l'absorption gazeuse y soit
négligeable. Soient le et 6v2 les épaisseurs optiques des couches d'atmos—
rhére claire situées respectivement au-dessus du premier nuage et entre les

deux nuages

5 . = k (p,0) cH® ap |, (IV-8)
vl v
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§ = k (P,0) cH® ap . (IV-9)
v2 v

Un photon réfléchi dans le continu a une probabilité I1 d'étre réfléchi

directement par le premier nuage. Autrement dit, I, est le rapport de 1'in-

1
tensité réfléchie dans le continuum par le premier nuage & l'intensité to-
tale dans le continuum. Le rapport des intensités dans la raie et dans le

continu peut étre mis sous la forme

I =(2+y)$ -né
== I, +| ply e V2 e M (IV-10)
C
avec
ply) dy = 1 - I, . (IV=11)
O

p(Y) est la probabilité qgu'a un photon réfléchi dans le continu d'avoir par-
couru entre les deux nuages un trajet de longueur (2+y) d , d étant la dis-
tance entre les deux nuages (Y = o correspond au trajet aller-retour mini-
mal) . Cette probabilité est fonction des caractéristiques des particules dif-
fusantes {diagrammes de diffusion, épaisseurs optiques et albédos continus)
et des conditions d'observations ; mais elle est totalement indépendante de
1l'absorption gazeuse. Elle peut étre facilement calculée en inversant la
transformée de LAPLACE de l'équation (IV-10) lorsqu'il n'y a pas d'absorption
au-dessus du premier nuage. Cette inversion peut &tre effectuée & l'aide des
approximants de PADE (cf. chap. I). Ainsi, il suffit de résoudre l'équation
de transfert pour une dizaine de valeurs de 5v2 pour é&tre en mesure de cal-

s ).

culer l'intensité pour n'importe quel couple (6v1' v

b) Toute 1'absorption a lieu en atmosphére nuageuse

Nous venons de voir que dans le cas ol toute l'absorption a lieu
en atmosphére claire, la séparation entre les phénoménes de diffusion et
d'absorption est relativement simple. Ce n'est plus le cas lorsque toute
l'absorption a lieu en atmosphére diffusante. Le calcul du rapport Iv/Ic
peut, cependant, étre rapide lorsque le coefficient d'absorption peut &tre

mis sous la forme k (P,0) = ¢(P,0) X y(v). C'est ce qui nous a conduit &
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utiliser la distribution 4&'abondance "pondérée" (cf. chap. I). Si l'on se

contente d'étudier les ailes des raies, on peut écrire

n

H{ H
|

pu') exp(- k (Po,a) u') du' , (IV-12)
c o v
oid u' est défini par Eg. (I-20) pour une température 8 et une pression PO

arbitraires.

L'approximation de CURTIS-GODSON généralisée a consisté & recher-
cher l'accord non seulement dans les ailes de raies mais aussi pour les lar-
geurs équivalentes des raies faibles. La pression de référence n'est plus
arbitraire mais égale & la pression "moyenne" g, définie par Eg. (I-23). Le

rapport Iv/Ic s'écrit alors

(o]

n

H| H
<

p (%) exp(- k\)('ﬁ,@) %) du , (IV-13)
C o]

ou, d'une fagon équivalente (cf. Egs. (I-27-28))

P

R

u') dqu' . (Iv-14)

H| +H
<

p(u') exp(- kv(%,g)

*UeIO

C o

Cette approximation n'est pas appropriée pour le calcul de l'intensité prés
du centre de la raie (cf. chap. I figs 4 & 7). Pour le cas extréme du nu-
age Homogéne (HCM) , on observe des écarts AIV/Ic maximums ~ O,35 pour une

résolution Av = 2 a(@,rg)-

L'approximation que nous proposons pour les profils de raies con-
siste & rechercher un accord a la fois pour les ailes de raies et pour les

centres de raies "convoluées". Le rapport Iv/IC est mis sous la forme

H

P
Vv ] - A __O_ ' ] . ‘
Ic = . p(u') exp( kv(Pv'e) Pv u') du (Iv-15)

mais & la différence de l'approximation de CURTIS-GODSON (Eq. IV-14), la
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pression Pv n'est plus une constante, mais une fonction du rapport Iv/Ic (%)

2 T Iv 5
Pl = D . (IV-16)
m=0 C

Les coefficients a, sont déterminés & l'aide d'une méthode de moindres car-
rés de telle sorte que l'expression (IV-15) soit appropriée non seulement
pour les ailes mais aussi pour les centres de raies isolées convoluées par
le profil instrumental. Les détails de la méthode de calcul sont reportés
en annexe B. La détermination de la fonction p(u') et des coefficients a_
nécessite de résoudre l'équation de transfert environ 30 ou 40 fois. Il est
alors possible de décrire toutes les raies du spectre étudié, en effectuant
le calcul de Iv/lc au moyen des Egs.(IV 15 et 16) de facon itérative. No-
tons que si la concentration en gaz absorbant reste constante dans 1l'at-
mosphére, on peut faire varier cette concentration sans devoir résoudre a
chaqgue fols l'égquation de transfert. En effet, si la fonction de distribu-
tion a été déterminée pour une concentration o elle est connue pour n'im-
porte quelle autre valeur de c puisque la relation de normalisation de p(u')

impose

OIOO

{p(u')}c = {p(u')}c . (Iv-17)

o
Cette approximation, définie par Egs.(IV~15 et 16), a été testée
pour les raies isolées formées dans le nuage homogéne (HCM) et le nuage
N , 2
dispersé (DCM). La limite de résolution est 2 a(0,rP). La fonction Pv est
mise sous la forme d'un polynome d'ordre M ¢ 3 ; elle est reportée sur la

0 .
figure 3. De méme que P était la pression de formation des raies faibles

Lo 2 - 2 o .
(#) Nous avons approximeé Pv plutdt que PV, car c'est Pv qui intervient dans

Eg. (IV-15). Ceci apparait de fagon simple pour une raie de LORENTZ

la]

v "
~ S(©) a(e,P )

v To
vy Pv Tr{(\)—vo)2 + aZ(E,PO)(—B)z}

et reste valable pour une raie de VOIGT.
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(chap. I), Pv peut &tre considéré comme la pression de formation des

centres de raies convoluées ("pression de formation" s'entend ici au sens

large du terme) ; P correspond ainsi & des pressions inférieures a B (voir
v

fig. 3).

Les profils approchés sont comparés aux profils exacts sur la fi-.
gure 4. Les écarts AI\)/Ic sont toujours trés faibles aux centres des raies
(& cause de la difinition de Pi) et dans les ailes (Iv/Ic y est pratiquement
indépendant de Pv)' Dans les épaules de raies, les écarts restent respecti-
vement inférieurs & 0,035 et 0,025 pour n'importe quelle raie formée dans
les nuages homogénes (HCM) et dispersé (DCM). De telles incertitudes sont .
comparables au bruit expérimental des spectres joviens étudiés (s/n = 30

pour Jupiter et 25 pour Saturne).

La précision de l'approximation dépend évidemment de la résolution
spectrale. Par exemple, dans le cas du nuage homogéne, 1l'incertitude AI\)/Ic
maximale est trois fois plus grande si la résolution est dix fois meilleure.
Une meilleure précision peut é&tre obtenue si le domaine des intensités de
raies étudiées est limité : 1l'étude de la bande du gaz carbonique a
8192 cmn1 sur Vénus1 ne concerne que des raies fortes ; l'étude de la région

, 2 3 .
de la bande 3 v, du méthane sur Jupiter et Saturne porte sur des raies

3
fortes et des raies intermédiaires. La précision de la méthode est liée
principalement & la prise en compte de l'absorption aux trés faibles pres-
sions (jusqu'a P A~ o). Les modéles envisagés ici sont en fait des cas ex-

trémes.

Il est important de souligner gue les écarts AIV/Ic observés dans
les épanles de raies ne sont pas aléatoires, mais toujours de méme signe
(car Pi est trop faible). Lors de la comparaison entre spectre synthétique
et spectre expérimental, il est intéressant de savoir que 1l'intensité appro-

chée n'est en aucun cas supérieure & l'intensité exacte.

En toute rigueur, tout le spectre ne peut étre décrit & l'aide
de (Ege IV~15) que si la distribution p(u') est la méme pour toutes les raies
du spectre étudié. Elle dépend de la fagon dont l'absorption varie en fonc-
tion de la température. Rappelons la définition de 1l'abondance "pondérée"

u' (Equ I-ZO)
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En général, l'abondance "pondérée" u' n'est pas définie pour tout le spectre.
Une sceule distribution p(u') est rigoureusement Qélable pour toutes les

raies (i) soit si l'on se contente d'étudier des raiesbcorrespondant au

méme nombre guantique (par exemple les multiplets R(5), R(S)y et R(S)*¥

dans les spectres joviens ; (ii) soit si l'atmosphére peut é&tre considérée

isotherme ; dans ce dernier cas, l'équation (IV-18) se réduit a

au’ Po = du P . ' (Iv~19)
Nous avons vu, dans le § 1 de ce chapitre, qu'il n'était pas possible de
connailtre la structure réelle de l'atmosphére & partir des seuls profils

de raies. En particulier, le profil de température 0 (P) peut difficilement -
étre obtenu a partir des profils de raies (dans le proche infra-rouge).

Dans ces conditions, (i) ou bien on se contente de la détermination 4'"une"
température voisine de la température de rotation définie a partir des
largeurs équivalentes de raies isolées (cf. chap II), (ii) ou bien on uti-
lise un profil thermique obtenu & partir d'observations indépendantes (me-
-sures dans l'infra-rouge lointain ou éventuellement mesures "in situ"). Dans
1l'hypothése d'un modéle d'atmosphére non isotherme, il est encore concevablé
d'utiliser une seule distribution p(u')——d3définie pour un nombre quantigue
‘hoyenﬁ——- a condition que la température de référence 8, gul intervient dans
"les équations. (IV-18 et 15), ne soit plus arbitraire. Prenons comme exemple
le modéle d'atmosphére nuageuse de Vénus qui a servi d'illustration dans le
chapitre II ; nous avons utilisé la méme distribution p(u')—définie pour

la raie P(20)—pour les raies R(O), P(10), P(30) et P(40) ; les écarts
AIv/Ic entre les infensités calculées & l'aide de cette distribution etm

a l'aide des distributions exactes restent g 0,03 si l'on choisit pour ©

la température de rotation (8 = 245° K) ; ils deviennent < 0,01 si l'on
ajuste cette température de référence (8 =230° K). Cette derniére température
est inférieure & la température de rotation parce gue 1l'intensité aux centres
des raies (formés trés haut dans l'atmosphére) joue un rdle plus important
pour l'analyse des profils de raies que pour celle des largeurs égquivalentes.
De méme que Pv’ 8 pourrait étre exprimé en fonction de Iv/Ic ; ceci n'est

pas indispensable car l'approximation © = constante est moins grossiére que

l'approximation P = constante.
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¢) L'absorption a lieu en atmosphére claire et en atmosphére nuageuse

Le modéle gravitationnel le plus fréguemment utilisé pour 1'étude
des atmosphére planétaires consiste en une couche d'atmosphére nuageuse re-
couverte d'une couche d'atmosphére claire. Pour un tel modéle "diffusant et
réfléchissant" (RSM), le rapport des intensités dans la raie et dans le

continu peut étre mis sous la forme

Iv I
== |2 exp(-n § ) (Iv-20)
I I v

c C/ P>P1

P1 représente la pression au sommet de la couche nuageuse. L'épaisseur optique
6v' définie par une équation du type (IV-8) est facilement calculée de fagon

exacte. La contribution des couches situées & des pressions supérieures & P1
est prise en compte & l'aide de 1l'approximation développée précédemment (§b)..

Rappelons que d'une part, la distribution p(u') est définie pour les
ailes et non pour le coeur de la raie, d'autre part, le centre de la raie
est formée essentiellement aux faibles pressions. Le calcul exact de 1'ab-
sorption dans les couches supérieures de l'atmosphére améliore ainsi fortement
la précision du rapport Iv/Ic' Ceci est a rapprocher du fait que l'approxi-
mation de CURTIS-GODSON est mal adaptée au calcul de 1l'absorption aux faibles
pressions ; nous avons déja rapporté une incertitude AI\)/IC maximale de
l'ordre de 0,05 pour le simple modéle de la "couche réfléchissante" (RLM)
pour des profils convolués (limite de résolution Av = 2¢ (e,r%l) ; cette
incertitude est diminuée par un facteur 3 si seulement le 1/3 supérieur de
l'atmosphére est pris en compte de. fagon.exacte.
Ainsi pour l'étude des spectres joviens, nous avons pu obtenir dans la plu-
part des cas une précision AIv/Ic n 0,01. Dans le cas du spectre moins ré-
solu de Saturne, on a méme souvent pu choisir la pression Pv' définie pour
la couche nuageuse, constante pour toutes les valeurs de Iv/Ic’ en conser-

vant cette précision.

II1 - APPLICATION AUX SPECTRES DE JUPITER ET SATURNE

L'étude des profils des raies du méthane au voisinage de 1,1 u
est compliquée par la présence d'une absorption continue due & la bande di-

polaire de 1l'hydrogéne. L'épaisseur optique due & l'absorption moléculaire
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est pour une couche d'épaisseur Az

a§, = g kv, (2,0) ca, bz + s _(0) Déz Az (IV-21)
°a est la densité en unités &'Amagat du gaz G ; sv est ;e coefficient 4'ab-
sorption de la bande de 1'hydrogéne (voir DE BERGH et al et les références
correspondantes) ; kvi est le coefficient d'absorption de la iéme raie du
méthane. La distribution 4'abondance "pondérée" est définie dans les ailes

de raie, la ol le coefficient d'absorption se raméne a

S.(0) (0,P) S (&)« —fg p
k .(P,0) = —= =20 |5 (IV=22)
vi (v= v_)2 (v=v_.)
LR SY \)oi TV \)oi
avec o = 0,078 cm-l/atm a eo = 273° K.

Si l'on suppose vérifiés l'égquilibre hydrostatique et la loi des gaz par-
faits, l'abondance du gaz G peut s'écrire

pg bz =C g5 AP, (IV-23)

G

CG étant la concentration du gaz et H* l'échelle de hauteur de pression
ramenée & 273°K ; H* AP est l'abondance totale de gaz (absorbant ou non)
comprise dans la couche d'épaisseur Az.

Les concentrations du méthane et de l'hydrogéne peuvent étre considérées
constantes dans l'atmosphére. En tenant compte des Egs (IV-22 et 23), l'é-

quation (IV=21) peut &tre réécrite

86, = £(0) P g AP (TV-24)
avec
S, (0) 6 1/2 0
i o o 2
£(0)) e (6—} cCH4 *s, 3 cH2 (IV-25)

i n(v—vof

Ainsi, puisque l'on est en présence de deux gaz absorbants, il est plus com-
mode d'utiliser la distribution de l'abondance de gaz total pondérée par la
pression P et la fonction f({0). Notons cette abondance "pondérée" v'. On a

la relation simple

/u'G\
p(v') = p kEr—-[= CG p(u‘G) . (IV-26)
G |
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Pour les différents modéles dans lesquels l'absorption a lieu en atmosphére
nuageuse, cette fonction a pu étre calculée par la méthode décrite dans le

chapitre I. Les calculs ont été effectués pour des raies de nombre quantiqﬁe
J = 5. Pourvu que la température % de référence soit bien représentative de
la couche nuageuse (cf § 2b), cette fonction p(v') est bien adaptée au cal-
cul de l'absorption par n'importe quelle raie du méthane (o £ J £ 7) et par

la bande dipolaire de l'hydrogéne, gquelque soit le rapport CH4/H2.

Malgré son efficacité, la méthode générale décrite en § 2b-c est
moins précise et moins rapide que celle qui a été développée pour les mo-
déles dans lesquels l'absorption a lieu uniguement en atmosphére claire
(§ 2-a). Aussi un travail préliminaire & la comparaison entre spectres
synthétiques et spectre expérimental a été nécessaire. Il a consisté & étu-
dier la déformation des profils de guelques raies représentatives du spectre
en fonction des principaux paramétres d'un modéle d'atmosphére. Cette ana-
lyse préliminaire et les résultats obtenus & l'aide des spectres synthé-
tigues sont présentés dans les deux articles inclus & la suite de ce cha-

pitre.
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Summary. Recent luboratory measurements have allowed us to
" study the line profiles due 1o methanc absorptions near 1.1 p in
the spectrum of Jupiter by considering not only the strong lines
of the 3v; band but also many other lines of weaker intensities.
Profiles of more than 40 lines of CH, within the same spectral
intervalare analyzed ina high-resolution interferometric spectrum
of Jupiter recorded by Connes and Maillard in 1974, The absorp-
tion by the dipolc band of hydrogen in the same spectral region
is taken into account.

Scattering models with one and two clouds are investigated.
Based on line shape considerations, we find that, for all models
studicd, the radiation at 1.1 p comes essentially from pressure
levels higher than 1.5 atm and that a large number of scattering
particies quite high in the atmosphere (£ ~0.2 atm) is required.
The C/H ratios derived are of the order of (1.5+0.7) 1073, cor-
responding to 3.2+ 1.5 times the solar value given by Lambert
(197%).

Key words: Jupiter - planctary atmospheres ~ scattering

Introduction

The manifolds of the R-branch of the 3v; band of CH, in spectra
of Jupiter have been used since 1969 (see reviews of Ridgway et
al., 1976 and Wallace and Hunten, 1978) for estimates of CH,
abundance and atmospheric pressures and temperatures. It is,
actually, the only spectral range in the near infrared from which
such measurements could be made.

The analyses made with the assumption that some reflecting
level exists in the atmosphere gave rather consistent resuits in the
sense that an effective pressure and a rotational temperature could
be defined. Bergstralh, in 1973, did not obtain a much better
agreement when he used scattering models instead of a reflecting
layer model to interpret center-to-limb variations of the equivalent
widths of the manifolds of the R-branch of the 3 v, band recorded
on photographic plates as well as with a photoelectric scanner.
Later on, in a jovian interferometric spectrum recorded in 1974
under higher resolution by Connes and Maillard (limit of resolu-
tion: 0.09 cm™!), several indicutions of the inadequacy of the
RLM to explain the expcrimental line profiles were observed:
the R 6 and R 7 manifolds had narrower line widths than the
R 0 and R 1 lines, and there was some filling in of the strongest
manifolds like R 2 and R 3 (de Bergh ct al., 1976). in addition,
the “interiopers” between the R-manifolds clearly corresponded

Send offprint requests 10 C. de Bergh

to higher CH, abundances than the R-manifolds of the 3 v, band
(Combes et al., 1977).

In 1976 a set of high resolution laboratory spectra of CH,~CH,,
and CH;-H, at room temperaturc and at low temperatures was
recorded with a Fourier Transform Spectrometer at Meudon
(Maillard and de Bergh, 1977). Combes and Encrenaz (1979)
selected in the Connes and Maillard spectrum of 1974 near 1.1 u
some isolated lines of the “interlopers™ which did not seem 1o
vary in intensity with temperature and showed that “apparent
abundances™ in the RLM hypothesis deduced from line depih
measurements of lines of different intensitics increased regularly
as the line intensities decreased, and that this "law of variation”
could be extrapoiated to the weaker absorptions in the visible
range, although the error bars are quite large in the visible.

An analysis of the whole spectral region around 1.1 p in the
interferometric laboratory specira recorded at Meudon has been
made recently (Pierre et al., 1979) and most of the observed lines
in the laboratory spectra have been assigned rotationally. Intensity
and line broadening measurements have been done in parallel
(de Bergh et al., 1979). It has. therefore, become possible to use
many other line profiles near 1.1 p. in addition to the R-manifolds
of the 3v, band. to determine atmospheric parameters in Lae
jovian planets. Widely different CH, line intensities allow the
planetary atmosphere to be probed over a large vertical extent.

In this paper. we use these new laboratory results to interpret
the Jupiter interferometric spectrum recorded in 1974 by Connes
and Maillard. The analysis is made by computing synthetic line
profiles corresponding to various types of scattering models and
comparing them with the observed profiles. using the H, pressure-
induced absorption to fix the range in pressures at the top of the
lower cloud deck. As the lines are pressure-broadened. we obtain
CH, abundances and atmospheric pressures simultaneously.

The main results are, first, that, for all models considered.
there is need for scattering particles rather high in the atmosphere
(~ 0.2 atm), at least at the time where the observations were made.
There is also indication that, in any case, almost all the radiation
at 1.1 p cannot come from very deep in the aumosphere (£ < 1.5
atm). For all models, CH, concentrations of: (2.6+1.2)1073
were obtained, which correspond to C/H ratios 3.2+1.5 times
the solar ratio of Lambert (1978).

I. The Data

1. Planetary Spectrum

The jovian spectrum analyzed here was recorded at Mt Palomur
in 1974 by Connes and Maillard. Experimental details have been
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Fig. 2. Apparent CH, abundance as a function of the line intensity
(at 150 K) for the lines observed in the spectrum of Jupiter near
1.1 u. The lines are assumed to be Lorentzian. In order to obtain
good fits with the observed profiles, the line widths of the synthetic
spectra had to be varied from 0.11 cm ™! for the strongest lines
to 0.05cm ™! for the weakest lines

given elsewhere (de Bergh et al., 1976). With an instrumental
resolution of 0.05 cm ™!, a signal-to-noise ratio (S/2¢) near 1.1 p
of 30 was obtained in | h and 30 min. The Doppler broadening
is relatively small as the slit was only 4” wide. The slit was kept
centered along the central meridian by using an image rotator
for guiding. The height of the slit was 20", which means that
tropical belts and zones were included. The seing was approxi-
mately 2” and was taken into account when computing synthetic
spectra. A Moon spectrum was used for calibration, as explained
in de Bergh et al. (1976).

2. Laboratory Data

More than 40 lines of methane were used in this analysis. They
include lines of the R-branch of the 3v, band, lines of the two
other vibration bands identified by Pierre et al. (1979) and a few

weak isolated lines. The intensities were measured on a CH,
spectrum at 50 Torr pressure (de Bergh et al., 1979). Those of
the R-branch of the 3v, band agree well with Bergstralh and
Margolis (1971) intensities up to R=4. For R2 5. de Bergh et al.
(1979) obtain iarger intensities. To take into account the weak
lines present in the wings of the studied lines. we applied some
corrections to the intensities measured by de Bergh et al. (1979);
indeed, under the jovian atmospheric conditions, these lines,
which are extremely weuk in a 50 Torr and 64 m path length
laboratory spectrum, affect significantly the CH, line profiles.
In some cases we added lines in the wings of our synthetic line
profiles, in other cases we only increased globally the intensities
of the studied lines. The adequacy of these corrections was
checked by comparing synthetic spectra with laboratory spectra
at various pressures and abundances. It is very important to take
properly into account all these minor absorption lines which, in
Jupiter, arc strongly reinforced.

We verified that the frequency shiits due to pressure observed
in laboratory spectra of CHy~H, mixtures (Maillard and de
Bergh, 1977) could not atfect the line profiles in the jovian inter-
ferometric spectrum analyzed here.

The broadening coelficients were found to be the same for
all lines of the studied range (de Bergh et al., 1979). We used in
this analysis the CH,-H, broadening coefficient that Varanasi .
et al. (1973) obtained for the 2v, band. There is. however, indica-
tion, from the Maillard and de Bergh (1977) luboratory spectra
that the dependence on temperature is stronger for the 3v; band.
But the cffect of this difference on our results is not very important.
It would result only in a slight change in the cloud pressures we
obtain (by less than 20%).

The H, laboratory data used in the present analysis are the
same as in de Bergh et.al. (1974),

I1. Inadequacy of the Reflecting Layver Model

In the previous analysis of the R-branch of the 3v, band in this
same Jupiter spectrum {de Bergh et al., 1976) it was found that
the reflecting layer mode! led to a CH, abundance of na=1104+12
m.am. (with n=2.1), a rotational temperaturc of 175+ 10° K and
an effective pressure of 0.9 atm. With the revised intensities of
the R-branch of the 3v; band we have obtained (see Part 1), we
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Fig. 3. Comparison between selected
line profiles in the spectrum of Jupiter

Jupiter and synthetic spectra computed for
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now find that a rotational temperature closer to 150° K is more
appropriate.

But, if we compare the spectrum of Jupiter with a laboratory
spectrum of CH, which gives a good fit for the R-branch manifolds
of the 3v, band. we sec that the weaker CH, lines present in the
same range are much stronger in the spectrum of Jupiter than in
the laboratory spectrum (sce Fig. 1). We show in Fig. 2 what we
obtain in terms of apparent abundance from fitting the experi-
mental line profiles ncar 1.1 p with lorentzian profiles. We find
that, first, it is necessary to increase the CH, abundance as the
line intensities decreased (as had already been observed by Combes
and Encrenaz, 1979), and, second, that the line widths themselves
have to be decreased with decreasing mtensities in order 1o obtain
good fits (from about 0.11 cm ™! for the strongest lines to about
0.05 cm ~! for the weakest lines). When intensities at 150 K are
used, there is no clear dependence on the J values.

Any scattering model of the Jupiter atmosphere should there-
fore produce this type of behaviour which was established by
studying 42 line profiles near 1.1 y.

It is interesting to note that the simplest scattering model
(isotropichomogeneousscattering model-H.S.M.)produceseffects
in the right direction, as shown on Fig. 3. A very good agreement
between observed and synthetic profiles is obtained for a temper-
ature of 150° K and a pressure of 0.5 atm. The cores of all the
R-manifolds of the 3v, band fit much better with a H.S.M. than
with the R.L.M. But, such an atmospheric model is unrealistic.

v

I11. The Atmospheric Parameters

1. Gases

The temperature profile we used is an average teniperature profile
taken from Gautier et al. (1979) who deduced thermal profiles
in Jupiter by inverting far infrared spectral measurements. We
assumed that the temperature at the tropopause is 110+10° K
and that the pressure at the tropopause level is 0.2+ 0.1 atm.

The CH,/H, concentration was kept constant in the atmo-
sphere, but the eventuality of a depletion of CH, high in the
atmosphere was also considered.

The value of the ratio [H,}/{H,+ He] used in this paper is

.38 (see., e.g., Orton, 19752, b and Gautier et al., 1977).

2. Particles

The scattering particies can be characterized by three parameters:
the phase function, the scattering continuum albedo, and the
altitude distribution.

a) Phase function

No direct measurement has been made near 1.1 y which would
allow us to know which phase function is appropriate for the
3v, region. The phase function has to be extrapolated from mea-
surements in the visible. Morozhenko and Yanovitskit (1973)
[M. and Y.. by abbrevation] have made polarization measure-
ments, in the range 0.373-0.800 pu. for the disk of Jupiter and at
its center. They assumed that the particles were spherical and
deduced. using the Mie theory, a refractive index of about 1.36
and a size distribution:

nir)= ﬁrg exp (—ln—;)%ﬁi>

with a mean radius 7, = 0.19 p. Such characteristics obtained with
the Mie theory allow us the determination of the phase function
at any wavelength. Figure 4 shows the phase function at 1.1
computed with the M. and Y. (1973) parameters.

Recently, Tomasko et al. (1978) [T. et al., by abbrevation]
determined phase functions for the cloud particles from pho-
tometric observations of Pioneer 10 at various phase angles. The
phase functions can be expressed by an Henyey-Greenstein form
at two terms:

P@O)=/P(g,, O)+(-f)P(g,, 0),

where
P(g, 0)=(1 —g*)/(1+g* ~2g cos 6)*2,

6 is the scattering angle and g is the anisotropy parameter:
+1

g={cos 0>=% | P(0)cos Dd(cos 0).
-1

The coefficients f;, g,, and g, vary with the spectral range, but
these variations are small between 0.390-0.500 p and 0.595-
0.720 u. Additional small variations are also seen between the
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Fig. 4. The two phase functions used in this paper: Morozhenko
and Yanovitskii (1973) at 1.1 p and Tomasko et al. (1978) for the
SEB, in the red: the phase function corresponding to the haze
proposed by Tomasko et al. (1978) is also shown in the figure

STrZ and the SEB,. The coefficients for the SEB, are, in the red,
£i=00938, g,=0.80, and g,= —0.65; the corresponding phasc
function i1s shown in Fig. 4.

The anisotropy parameters of the M. and Y. (1973) phase
function and of the T. et al. (1978) phase function have very
similar values, respectively 0.74 and 0.71; nevertheless, the line
profiles may be quite different, as will be shown further.

In fact, it is not possible to decide which phase function may
be the most appropriate here. The characteristics of the particles
determined by M. and Y. (1973) may be inappropriate (see
Kawabata and Hansen, 1975 and Kawabata and Hansen, 1976)
while the T. et al. (1978) phase function corresponds to measure-
ments in the visible of center-to-limb variations which may be
very sensitive 1o horizontal inhomogeneities.

However, we have noticed that, for the incident and emergent
conditions corresponding to the spectrum of Jupiter analyzed
here. the line profile computed for the M. and Y. (1973) phase
function is always deeper than, and that computed for the T.
et al. (1978) phase function is always shallower than the profile
corresponding to isotropic scattering, if the absorption coefficient
is properly scaled to match the regions of weak absorptions. As a
consequence, we carried out the computations for each of the
two phase functions and assumed that we could reasonably ex-
clude the atmospheric conditions for which no agreement could
be obtained for both phase functions.
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b) Continuum Scattering Albedo

Few reflectivity measurements of Jupiter have been made near
1.1 p. and those of Pilcher et al. (1973) must be used with caution
(see Pilcher and Kunkle. 1976). By extrapolating corrections in
the visible. Wallace and Smith (1977) estimated that the reflec-
uvity varies between 0.67 and 0.76, depending on the region of
the disk considered. These values agree reasonably well with
recent measurements of Woodman et al. (1979). We used here a
continuum albedo @.=0.995 for the M. and Y. (1973) phase
function and a continuum albedo @,=0.99 for the function of
T. et al. {1978): the reflectivities are in very close agreement for
the conditions of the observed spectrum (0.719 and 0.722, respec-
tively). These refiectivities correspond to a total absence of gaseous
absorption, i.e. absence of absorption due to both methane and
hydrogen.

We will see in the next part that the continuum albedo will
be less important in the study of line profiles than the phase
function.

We note here that this reflectivity would be decreased by the
presence of a haze above the cloud. with the characteristics sug-
gested by Tomasko et al. (1978); the anisotropy factor of the
Henyey-Greenstein function would be g ~ 0.75(Fig. 4), the albedo
@,~0.95 and the optical thickness 7. < 0.5. The reflectivity would
then be less than 129, smaller than in the absence of the haze
(for our observauonal conditions).

¢) Altitude Distribution

The altitude of the top of the visible clouds in Jupiter is still
controversial. Estimates range from pressures of 0.2-0.3 atm
{Wallace and Smith, 1977) 1o pressures of 0.4-0.7 atm (Sato and
Hansen, 1979).

As we have already mentioned, Tomasko et al. (1978) suggest,
above these clouds. a haze of optical thickness between 0.1 and
0.5. West (1979) obtains an optical thickness of 3/8. This haze,
which plays an important role in center-to-limb variations, has
much less influence on line profiles at the center of the disk of
Jupiter. Indeed. in the extreme case of a haze of optical thickness
0.5 (the other charucteristics being those of Tomasko et al., 1978),
the intensity ratios /7,7, differ by less than 0.025 from the intensity
ratios computed with no haze (for our observational conditions).

So, without rejecting the possibility that such a haze may be
present, we will neglect its influence on the computed line profiles
at the center of the disk of Jupiter.

IV. The Methad

Because of the various uncertainties and the numerous param-
cters which play a role in the computation of the synthetic profilcs,
the analysis made here was limited to the most simple vertically
inhomogeneous scattering models.

The first models considered here were ones with a single cloud
for which there is absorption above and within. The method of
successive orders of scattering (see, e. g., Lenaoble. 1977) was used
with a 24-point Gaussian quadrature. For the scattering albedos
considered, an optical thickness of 50 was considered as being
infinite (the differences in reflectivity between 1=30 and 1=
being less than 0.19]). This total optical thickness was divided
into 65 layers of optical thicknesses ranging between 0.1 and 1.

The second set of models consisted of two-cloud models for
which absorption occurs above the first cloud and between the
two clouds. The method of spherical harmonics (or P; approxi-
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cocfficient &, for the two phase functions of M. and Y. (1973)
and T. et al. (1978). Ratios for these different values of the con-
tinuum albedo @, are shown in the lauter case. The absorption
coefficient was scaled so that the regions of weak absorptions
match

mation)was extended to those models using a computing program
written by Devaux (1977) for two layers.

In both cases, thirty Fourier terms were used in the azimuthal
expansion for the phase function of Tomasko et al.. sixteen were
sufficient for the Morozhenko and Yanovitskii phase function.

The clear atmosphere was divided into layers of 0.1 atm.
Because of the influence of weak pressures on the line centers,
it was nccessary to use Voigt profiles. We used Young’s (1965)
Voigt program as a subroutine in our computer program.

For each model, we wanted to study constraints deduced from
the dipole band of hydrogen on one hand. and constraints deduced
from the methane lines on the other hand. The last constraints being
much more complex, we first made a preliminary study of the
various parameters used in line profiles computations.

Our approach is as follows: as seen in Part [I, a homogeneous
reflecting layer model (R.L.M.) adjusted for a line of given
strength overestimates absorption for stronger lines and under-
estimates absorption for weaker lines ; this, clearly, must be reiated
to scattering effects. A direct attempt to fit synthetic to observed
spectra for various cloud models is a tremendous work, so the
preliminary study was limited to three lines: a “strong™ one, an
“intermediate” one and a “weak™ one with intensities of 1072
em™! (m-atm)”!, 310 % cm ™! (m~atm)~! and 1073 cm ™! (m~
atm)”! at 150° K, respectively. From Fig. 2, we see that the
“intermediate™ line would fit experimental data in the R.L.M.
for a total CH, abundance 5a of ~ 110 m-atm and a Lorentz
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half-width of ~0.08 cm™'; the corresponding profile is called
“pseudo-experimental”. For this preliminary study, we fit, for
each cloud model. the synthetic profile of the “intermediate™ line
with this “pscudo-experimental™ profile. It is then possible to
adjust the various parameters in order that synthetic profiies of
a “strong” line and a “weak” line be less deep and more deep,
respectively, than the synthetic profiles corresponding to the
R.L.M.

In order to take into account the variation of line intensities
with temperature, profiles are shown, in Parts V and VI, for
rotational numbers J=2 and J=6, for both the “strong’ and the
“weak” lines (the average of the profiles corresponding to /=2
and J=6 is used for fitting the “intermediate™ line). The line
profiles have been truncated for frequencies located at less than
0.05 cm ™! from the line centers, in order to be able to neglect, in
this first step, instrumental convolution which strongly affects
the line centers. .

Absorption by hvdrogen was always included in our com-
putations. However, for more clarity, we have shown, in most
cases, the relative intensities /(CH, + H.)/I(H,).

This preliminary study simpilifies considerably the search for
the best agreements between synthetic profiles and the whole
portion of the planetary spectrum. We consider as acceptable a
model which gives a synthetic profile compatible with the signal-
to-noise ratio not for cach line but, on the average, for the whole
spectral range (sec Fig. 17).

V. One-cloud Models (OCM)

The reflecting scattering models (RSM) are, among the one cloud
models, the ones which have been studied the most extensively
for the atmosphere of Jupiter (sce, e.g., Cochran, 1977. Wallace
and Smith, 1977: Sato and Hansen, 1979; West, 1979). They
have pure gas above the pressure P, and an homogeneous cloud
(i.e. a2 uniform mixture of cloud particles and gas molecules)
beneath that level. The extreme cases correspond to negligible
absorption above the cloud (P, ~0) for the homogeneous cloud
model (HCM) and negligible absorption in the cloud for the re-
flecting layer model (RLM). However, these models are not the
only OCM that should be considered since the scattering particies
have a scale height which is generally different from thar of the
absorbing gas. Such models have been called dispersed cloud
models (DCM) by Sato and Hansen (1979).

Below, we see the influence of the main parameters, as discussed
in Part IV, for the one-cloud models.

1. Influence of the Characteristics of the Scattering Particles

The relative influences of the phase function and continuum
albedo of the particles are illustrated in Fig. S for the simpie
homogeneous scattering mode! (HSM) in which the absorption
coefficient is independent of depth in the atmosphere. The re-
flected intensities /(@,)/1(@.) can then be computed as a function
of

@, o+k,.’
where @, and @, are the single scattering albedos at the frequency
v and in the continuum, respectively, 6 and k, are the scattering
and absorption coefficients of the particles, and &, is the absorp-
tion coefficient at frequency v for the absorbing gas.

If, for a family of computed profiles, we properly scale the
absorption coefficient so that the regions of weak absorption
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Fig. 8. This figure illustrates the influence of the pressure at the
cloud top for the RSM. The profiles were computed for the T.
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and the C/H ratio were adjusted as for Fig. 7. For P, =0, M =23.5
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Fig. 7. This figure illustrates the influence of the phase function
for the HCM. The profiles correspond to lines with intensities
equal to 10”% and 10~ cm ™! (m-am)~! at 150° K for two-differ-
ent values of the quantum number J. The specific abundance of
methane and the C/H ratio are adjusted so that the absorption
duc 10 the dipole band of hydregen und the depth of an “inter-
mediate™ line of intensity 310 3cm™! (m-am)~! at 156° K
matched the observations. The profile drawn for the M. and Y.
phase function corresponds to @,=0.995, =9 m-am and C/H
=1.21073. The profite drawn for the T. et al. phase function
corresponds to @,=0.99, M =23.5 m.-am, and C;H=1.9 107

match in intensity, we sce that the continuum albedo has a rela-
tively weak influence on the intensity profiles (Fig. 5). The maxi-
mum difterences between the profile corresponding to @, =0.99
and the profile corresponding to @, = 0.98 (or 0.995) for the same
phasc function (Tomasko et al.. 1978) corresponding to refiec-
tivities of 0.722 and 0.594 (or 0.834) are four times smaller than
the maximum differences betwcen profiles corresponding to a
same reflectivity but two different phase functions. The calcula-
tions illustrated in Fig. 5 confirm that the similarity relations of
Hansen (1969) are not valid for the strong absorptions and that,
backscattering piays a significant role. :

For the two difterent phase functions (M. and Y.. 1973 and
T. et al., 1978) we therefore obtain diflerent specitic abundances
of hydrogen corresponding to a same lowering of the continuum
level by the wing of the hydrogen dipole absorption. The extreme
values allowed for the specific abundances of hydrogen are shown
in Fig. 6 for the case of the RSM.

The shape of the line profiles is also very sensitive to the
scattering diagram of. the particles, as shown in Fig. 7 for the
HCM. Profiles of a “strong” and a *“weak” line have been com-
puted for the two phasc functions of M. and Y. (1973) and T.
et al. (1978). The value of the specific ubundance of hydrogen is
the most probable value determined from the dipole band; the .
value of the specific abundance of methane has been adjusted so
that the depths of “intermediate” synthetic and pseudo-experi-
mental lines (not shown in the figure)coincide as defined in Part IV,

For the two phase functions, the required effect on the line
centers is indecd obtained; i.c. the “strong™ lines are less deep
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Fig. 9. This figure illustrates the influence of the photon mean
frec path between scattering by the cloud particles for the RSM.
The profiles were computed for the T. et al. (1978) phase {unction,
The pressure at the cloud top is P, =0.5 atm. The values for ¢ 7!
(photon mean free path) are the maximum and minimum values
compatible with the dipole absorption of hydrogen at P=1 atm.
The specific abundance of methane is adjusted as for Fig. 7.

For 67'=1.4km at P=1{atm, we have A =3.5m-am, and
C/H=0.96 1073,

For 6~ !'=4.6 km at P=1 atm, we have M =7.7 m-am and C/H
=0.66 1073
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Fig. 10. This figure illustrates the influence of the gas-to-cloud
particles scale-height ratio. The profiles were computed for the
T. et al. (1978) phasc function. The specific abundance of methane
and the C/H ratio are adjusted as for Fig. 7. For Hg/Hp=1, we
have M=23.5 m-am and C/H=1.9 1073, For Hg/Hp=2, we
have M =7 m-am, and C/H=0.910"?
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than for the RLM and the “weak™ lines are deeper than {or the
RLM {[compare linc profiles for HCM in Fig. 7 with line profiles
for RLM (P, =1.4 atm) in Fig. 8]. However. for a HCM corre-
sponding to the T. et al. (1978) phase [unction, this eflect is 100
strong as the wings of the lines become much too broad.

2. Influence of the Pressure at the Top of the Cloud

It is obvious that, the higher the pressure at the cloud top the
closer the line profiles arc to those corresponding to the RLM.
Figure 8 illustrates that this pressure must be low if the depths
of the lines are to have a behaviour notably different from that
given by the RLM. Indeed, the profiles shown in Fig. 8 are con-
strained to the same absorption by the dipole band of H, and to
an identical depth for the “intermediate” pseudo-experimental
line in order that we can study the departures of the profiles of
“strong™ and “weak” lines obtained for new models {rom the
profiles corresponding io the RLM. For the T. et al. (1978) phase
function, the profiles corresponding to a RSM with a pressure
at the cloud top of only 0.2 atm are located approximately midway
between the profiles for HCM (P, =0) and RLM (P, =1.4 atm)
shown on Fig. 8. A similar result is obtained for the phase func-
tion of M. and Y. (1973). Although not shown in Fig. 8§ we find
that profiles corresponding to a pressure of 0.5 atm at the top
of the cloud would be about midway between profiles for 0.2 atm
and profiles for 1.4 atm. This preliminary approach aiready sug-
gests that we may be led to eliminate models with pressures at
the cloud top close to 0.5 atm which would correspond to a cloud
of NH; as suggested by thermodynamic considerations (Weiden-
schilling and Lewis, 1573).

3. Influence of the Photon Mean Free Path

An objection which could be brought is that we constrain our
models to match the absorption by the dipole 2-0 band which
leads to hydrogen specific abundances less than those deduced
from the H, 4-0 S{1)line (Sato and Hansen, 1979). We will come
back to this disagreement in Part V1. but here we only look at
the intluence of the value of the specific abundance or hydrogen
on the methane profiles.

The higher the H, specific abundance, the larger the photon
mean free path is between scatterings by the cloud particies
(which means that the photons will come from higher pressure
atmospheric levels). It is well known that. in the simple RLM,
for a line of given depth, the higher the pressure of formation,
the broader the wings. This effect still exists when scattering is
considered as shown in Fig. 9 for 2 RSM with a pressure of 0.5
atm at the cloud top. The photon mean free paths used are deduced
directly from the extreme values of the H, specific abundance
obtained from the dipole band (Fig. 6).

We have seen previously that, for a RSM. an agreement be-
tween experimental and synthetic CH, line depths could be
obtained only if the pressure at the cloud top was low. In these
conditions, profiles computed by using the most probable H,
specific abundances deduced from the dipole absorption have
wings which are stronger than for the RLM (see Fig. 8). How-
ever, we have found that synthetic profiles corresponding to the
RLM in Fig. 8 have line wings already sufficiently broad com-
pared to those of the experimental profiles. So, the best agreements
will not be obtained for large values of the photon mean free
path but, rather, for small values of this path.

Alternatively, if the wings of the synthetic CH, lines are too
broad, we can try to obtain a good fit to the planetary spectrum
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Table 1. Model parameters obtained

One-cloud models

Two-cloud model
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(0.C.M) (T.CM))
RSM DCM (Hg=2 Hp)®
CH, amount above the
top cloud (m-am) 0-25 0) 5-40
Pressure P, (atm) 0-0.20 0) 0.05-0.35
Optical thickness 1, o o 0.5-4
CH, specific abundance 12-21° 6-13 at P=1 atm (0)
(m-am) .
CH,_ amount between
the clouds (m—am) — — 60-150
Pressure P, (atm) —_ — 1.1-1.5°¢
C/H (0.9-2.2) 1073 (0.8-1.4) 1073 (0.8-2.0) 1073

2

b

Possible only with the Tomasko et al. phase function

the phase function of Morozhcnko and Yanovitskii

With the Tomasko et al. phase function; these values have to be multiplied by about 0.6 for

€ With the phase function of Tomasko et al.; for the Morozhenko and Yanovitskii phase

function: 1, ~ 1-6 and P, slightly weaker (~10%)

by assuming that the continuum level has been effectively lowered.
for a large part, by these wings. Then, the photon mean free path
is decreased, as the percentage of absorption due to H, is de-
creased.

However, we found that values of the H, specific abundance
weaker than the values we had selected (see Fig. 6) had to be
excluded as they would have produced CH, profiles much more
resolved than the observed ones.

4. Influence of the Ratio Between Gas and Particle Scale Height

DCM models where the scale height of the particles is smaller
than the scale height of the ambient gas, corresponding to a cloud
which becomes thinner as the pressure decreases, were also con-
sidered.

We have chosen a scale height ratio Hg/Hp equal to 2, as

suggested by the good agreement obtained with the simple HSM
(Part 11). Indeed, for the line wings, the HSM model 1s very com-
parable to a DCM model with Hg/Hp=2, since the absorption
coefficient varies as the product MP (M: specific abundance;
P: pressure); this product is constant for this DCM if the temper-
ature profile is isothermal.

At the line centers, however, the absorption coefficient does
not vary as the product MP; this explains the fact that the line
depths are deeper (less deep) for the strong lines (weak lines) with
the chosen DCM, compared to the HSM.

The good agreement with the observational spectrum obtained
with a HSM (Fig. 3) corresponds to the case of isotropic scatter-
ing. A synthetic spectrum computed for a HSM with the M. and
Y. phase function has line depths which are not in such good
agreement (the synthetic “'strong” lines are slightly too strong).
With a DCM with Hg/Hp=2, instead of a HSM, this disagree-
ment is even stronger. Thus, a DCM can be considered only if
the phase function corresponds to strong back scattering, such
as the one of T. et al. (1978).

The strong sensitivity of the line profiles to the ratio of the
scale heights is shown in Fig. 10 where the DCM with Hg=2 Fp

is compared to the HCM with Hg=!Hp. By comparing Figs. 8
and 10, we can sce that the DCM with Hg=2/1p is much closer
to the RSM (with P,=0.2 atm) than to the HCM; this effect
could be expected as the DCM and the RSM both correspond to
a decrease, with decreasing pressure, of the number of particles
compared to the number of gas molecules (in a continuous way
for the DCM, and discontinuous way for the RSM).

5. Conclusion

We have looked for an acceptable range of the different param-
eters rather than for the best possible agreement between synthetic
and observational spectra. The preliminary study of the various
paramreters has provided useful insights into their influence. The
values we have obtained for the diticrent parameters are given in
Table 1. With the two phase functions used for the RSM we
have obtained ranges of C/H ratios which are of the same order
of magnitude. The pressures and the total CH, abundances above
the cloud top are slightly lower for the M. and Y. (1973) phase
function than for the T. et al. (1978) phase function; in all cases,
they are in the range: 0-0.2 atm and 0-0.25 m.atm., respectively.
On the contrary, the specific abundance of methane does depend
strongly on those characteristics and is somewhat less significant.

In the case of the DCM, a scale height ratio Hg/Hp as large
as 2 is not compatible with the phase function of M. and Y. (1973);
it cannot be much larger than 2 for the T. et al. phase function.
We sce that, with this last phase function, the modecl correspond-
ing to Hg/Hp=2 and.the RSM give approximately the same
specific amount at a pressure of about 0.5 atm, which corresponds
to the effective pressure of the simple HSM. The range of the
C/H ratio compatible with the DCM 1s almost included within
the acceptable limits for the RSM.

In summary, a model with only one cloud (OCM) 1s sufficient
to explain the shape of the linc profiles near 1.1 p. It requires a
pressure at the top of the cloud which is very low: P, <0.2 atm;
the ratio of the scale heights gas-particles cannot be very large:
Hg/Hp<2; the C/H ratio is of the order of: 0.8 107°-2.2 1073,
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which is between 1.7 and 4.7 times the solar ratio. An example of
the agrecment between the observational and synthetic spectra
is illustrated in Fig. 11.

V1. Two-cloud Models (TCM)

Based on thermodynamic considerations (Lewis, 1969), Danielson
and Tomasko (1969) have introduced a two-cloud model; the
upper cloud was composed of NH; ice and the Jower semi-infinite
cloud was composed of NH,SH overlying an H,0O ice cloud.

The most realistic iwo-cloud model is that for which absorp-
tion occurs bath inside the clouds and in the clear atmosphere.
Such a model has. as extreme cases. a TCM with a first cloud
infinitely thin and a RSM with a first cloud infinitely deep. How-
ever, analyses of scattering models based on center-to-limb vari-
ations in methane absorptions give results not very different be-
tween these two extreme maodels, for isotropic scattering (Wallace
and Smith, 1977) as well as for amisotropic scattering (Clements,
1974; West, 1979). We decided. therefore, to study only TCM in
which the cloud layers are very dense, so that absorption is negli-
gible there.

1. Influence of the Characteristics of the Scattering Particles

Figure 12 illustrates the influence of the phase function on the
maximum and minimum values of the pressure at the top of the
lower cloud which are compatible with the dipole absorption of
hydrogen. This figure corresponds to P, =0.5 atm. For lower
values of the pressure P, . the values of P, would be slightly higher;
for higher values of P,, the curves tend to be horizontal lines
corresponding to the extreme cases (where P, =P,) which are
equivalent to RLM.

The M. and Y. (1973) phase function allows lower values of
the pressure P, than does the T. et al. (1978) phase function.
However, they have very similar effects if one considers as a
parameter the proportion of photons reflected in the continuum
directly by the first cloud instead of the optical depth 7, of the
first cloud. For the conditions of incidence and emergence corre-
sponding to the spectrum of Jupiter, the optical thicknesses
1,=1, 2, 4 for the phase function of T. et al. (1978) correspond
then to optical thicknesses of about 2.3, 3.5, 6 respectively, for
the phase function of M. and Y. (1973).

——— RSM
— Jupit .
upiter Fig. 11. Comparison between selected
" line profiles in the spectrum of Jupiter
4 and synthetic spectra computed for
1M RSM with P,=0.1 atm, C/H=1.4 1073
9085 :
T T T 71 T T
Pressure P, {atm) /

2.4

0.8 — .
B ~ — — Tomasko et al {1878)
TCM
0.4 L Morozhenko and
Yanovitskii (1973)
Optical thickness t4
0.0 i } I | i ] i
0 2 4 6 8

Fig. 12. Maximum and minimum values of the pressure at the
top of the second cloud deduced from the dipole absorption band
of hydrogen in the case of the TCM. The pressure P, of the first
cloud, of optical thickness t,, selected for this figure is 0.5 atm

If we consider a set of models with different phase functions
such that the first cloud refiects the same amount of light in the
continuum, we obtain very necarly identical methane linc profiles.
especially if we constrain the pressure P, to the same lowering of
the continuum level by the dipole band of hydrogen.

We have also found that the value of the continuum albedo -
@, 1s even less critical than the form of the phase function in the
study of the line profiles.
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Fig. 13. This figure illustrates the influence of the optical thick-

ness of the top cioud for the TCM. The profiles were computed

for the T. et al. (1978) phase function. The pressure at the top of

the first cloud is P, = 0.4 atm. The pressure at the top of the second

cloud and the C/H rauo were adjusted as for Fig. 7. For 1, =0,

we have P.=1.4 aitm. and C'H=0.6 107%

For 1, =4. we have P,=1.7 atm. and C:H=1.3 1073,

For 1,=8, we have P,=3.4 aum, and C/H=2.1 103

2. Influence of the Optical Thickness of the Top Cloud

When the optical thickness of the first cloud is increased from
zero to infinity, the model changes from one RLM with a pressure
P: at the cloud top to another RLM with a pressure P, at the
cloud top: in these limiting cases. both models are incompatible
with the observed hydrogen dipole absorption for pressures of
the cloud less than 1.1 atm.

So, it is not surprising that the computed intensity at a given
frequency goes through an extreme when the optical thickness
varies. Figure 13 illustrates this variation for line profiles, in the
case where the pressure at the top of the first cloud is P, =0.4 atm.
This variation would be even more severe if the pressure P, were
lower. The value of the pressurc P, at the top of the second cloud
is adjusted in each case so that it is compatible with the dipole
band absorption. The concentration of CH, is determined by
fitting a synthetic profile to the “‘intermediate™ pseudo-experi-
mental line profile.

On the average, the depths of “‘strong” lines are minima for
an optical thickness 7, ~2, whereas the wings of lines and the
depths of ““weak’ lines, which both correspond to relatively weak
absorptions, are the strongest for 1, ~4-5 [these values corre-
spond to the phase function of T. et al. (1978); for the phase
function of M. and Y. (1973) they would be of the order of 3—4
and 6-7, respectively].

As we attempt to obtain strong lines less deep but not broader
than in the case of the RLM, an optical thickness of the order
of 2 is more favorable.

Furthermore, the highest optical depths are less acceptable
because, for high optical depths, the line centers are formed al-
most solely in the clear atmosphere located above the first cloud
correspondiny to temperatures lower than 150° K for the most
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Fig. 14. This figure illustrates the influence of the pressure of the

top cloud for the TCM. The optical thickness of the first cloud

1s 7, =2 for the phase function of T. et al. (197R). The pressure

at the top of the second cloud and the C/H ratio were adjusted

as for Fig. 7.

For P,=0.2 atm, we have P-=1.4 atm, and C'H=1.310"2.

For P,=0.5 atm, we have P.=1.4 aim. and C/H=0.8 1072

part. In this temperature regime, there would be a strong depend-
ence on quantum number. as shown in Fig. 13, but such a de-
pendence is not observed in the planetary spectrum (Fig. 2).

3. Influence of the Pressure of the Top Cloud

As in the case of the RSM, we find that, in the case of the TCM,
the line profiles are strongly sensitive to the pressurc at the topof
the first cloud: this effect is shown in Fig. 14. Hzre also, only
models with low values of pressure at the cloud top are consistent
with the observations. Extremely low values correspond, of
course, to cases where the optical depth of the first cloud is suffi-
ciently low. Incidentally, a rather standard model for the Jupiter
atmosphere corresponding to P ~0.5atm and P,~2 atm (sce
Combes and Encrenaz, 1979) does not give a satisfuctory agree-
ment with the observations analvzed here.

4. Influence of the Pressure at the Top of the Lower Cloud

The values of pressures at the top of the lower cloud deduced
from the (2-0) dipole band of hydrogen (Fig. 12) are slightly
lower than those deduced from the H, 4-0 S(1) line (Sato and
Hansen, 1979; West, 1979). However, as for the OCM, the best
agreement with the jovian spectrum is obtained not for the max-
imum values of the H, abundance compatible with the dipole
band but, rather, for the pimimum values.

Figure 14 when compared with Fig. 15 is a good illustration
of this deduction. We see that either a decrease in the pressure P
of the first cloud, or an increase in the pressure P, at the top of
the second cloud produces a broadening of the wings and varia-
tions of the line depths which are in the same sensc. We also
observe that, for the same incrcase in width of the wings, the
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Fig. 15. This figure illustrates the influence of the pressure of the
bottom cloud for the TCM. The selected P, pressures correspond
to limits permitted by the dipole absorption of hvdrogen. if the
top ctoud has an opticil thickness 1, equal to 2 (Tomasko et al.,
197%) and 15 located at 0.5 atm. The C;H ratio was adjusted so
thatthe depth of the ““intermediate” line matched the observations,
as for TFig. 7.

Yeor £ =1.1 atm, we have C;H=0.9 1032,

For P,=2.0 atm, we have C/H=0.7 1073

t‘; e 4//( 3‘:;

T S~

TCM (TC-RL) M

Fig. 16. Schematic representation of a TCM and a TCM-RLM.
fis the fraction of the observed part of the planetary disk which
is covered with a cloud located at pressure P,

corresponding variation of line depth is much less important if
the wing broadening is due to a variation of 2, than if it is due
to a variation of P, . In fitting our models to the observations,
the line depths will depend mostly on the pressure P, while the
wings are fitted by an appropriate value of the pressure FP;.
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5. Conclusion

The values obtained for the various parameters compatible with
the obscrvations are given in Table 1. Again, the pressurc at the
level of the first cloud is very low; 0.35 atm seems to be an extreme
upper limit.

The possibility of the presence of a relatively thin cloud with
an opuical thickness 7, of the order of 0.5 cannot be excluded
a priori. This cloud should not be confused with the haze sug-
gested by Tomasko et al. (1978); indeed, for the incident and
emergent conditions corresponding 1o the observations, a cloud
of optical thickness 7;=0.5 would have a reflectivity of 0.08,
whereas a haze with the characteristics given in Part 111 would
have a reflectivity five times weaker.

With the exception of the values of optical thickness, our
results obtained with the T. et al. (1978) and M. and Y. (1973)
phase functions are very comparable. The first cloud is at a pres-
sure of the order of 0.05-0.35 atm. and the sccond cloud at a
pressure of 1.0-1.5 atm. The C/H ratios range from 0.8 1073 10
2 1073, They are very similar 1o the ratios obtained for the OCM.
These results tend to indicate that a more complicated two-cloud
modecl for which absorption occurs within both clouds as well as
in the clear part of the atmosphere, would give very comparable
limits for the C/H ravo. A CH, abundance of 40 m-atm above
the visible cloud seems to be. here also. an extreme upper limit.

An example of the agreement between the spectrum of Jupiter
in the whole spectral region and a synthetic spectrum is shown
in Fig. 17.

VII. The Influcnce of Horizontal Inhomogeneities

As the measurements correspond to an average over belis and
zones, we nced to ask what is the meaning of the pressure P, for
horizontally inhomogeneous models. and how would the C/H
ratio be affected.

It is not worthwhile to study all the cases possible within the
framework of the OCM or TCM. but. to understand how the
inhomogeneous nature atfects our results, we treated a simple
case consisting of a TCM-RLM combination tfor two horizonually
stratified regions, viz. a belt and a zone. Starting with a basic
TCM consisting of a thin cloud overlying a dense cloud. we assume
that the thin cloud covers only a fraction / of the region observed
by the interferometer. Figure 16 compares this (TC-RL)M to
the TCM studied previously.

For the same pressure P, and for the same methane concen-
tration, the (TC-RL)M would have the same absorption-scatter-
ing processes as the TCM above the aititude of the top cloud if
the reflectivity in the continuum of the top cloud of the (TC-RL)M
is 1/f times higher than that of the TCM: in other words, the
optical thickness of the top cloud must be more than 1/f times
for the (TC-RL)M than for the equivalent TCM.

Between the top cloud and the dense cloud. multiple scattering
occurs for the fraction f of the region considered, whereas the

~ fraction (1-f) is reflected only once. For the line profiles to be the

same, the pressure P’ of the dense cloud of the (TC-RL)M must
be therefore slightly larger than the pressure 7, of the equivalent
TCM. This adjustment of .’ depends on the frequency dependent
attenuation of radiation between the two clouds. However, strong
absorptions are not very sensitive to this adjustment as the re-
flected photons come essentially from the top cloud. Consequently
we have found that for the (TC-RL)M and the TCM, 1. if the
optical thickness 7} is selected such that the reflectivity of the top
cloud is 1/f times greater than for 2 homogeneous distributed top
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cloud of optical thickness 7, ; 2. 1f pressures P and P, correspond
to the same amount of weak absorption in the dipole H, band,
then the line profiles are very nearly identical if the pressure P
and the methance concentration are the same.

This line of reasoning also applies to a (TC-TC)M, a (RS-
RS)M, and so on ... but it could be only a qualitative approach
since the rigorous computations are very complex (see Appleby
and Trvine, 1975) We rather consider the OCM or TCM as aver-
age models which allow us to probe the absorption and scattering
processes in the jovian atmosphere. The main results given in
Part VIII would not be fundamentally revised if all the vertical
and horizonial inhomogeneities are taken into account.

N

VIII. Discussion

Given the large uncertainties in our knowledge of the atmosphere
of Jupiter at the present time we have limited the study to the
simplest vertically inhomogeneous models and to the influence
of the major parameters. As for the parameters we did not dis-
cuss in detail, we see that, for instance, a temperature profile
near the tropopause warmer than the average profile we have
used would improve often the agreement between svnthetic and
observational profiles and. especially. for hnes R 0 or R 1 whose
strengths are very strongly dependent on temperature. However,
the uncertaintics in luboratory and observational data are still too
large to allow us 1o test the temperature profile. We have also
found that, by severely decreasing the amount of methane in the
upper atmospheric layers in our models, the eventual dissociation
of CH, by U.V. near the tropopause would not produce any
significant improvement of the agreement betwecn synthetic and
observed protiles.

Within the limitations of these uncertainties we are able to
draw a2 number of conclusions about the vertical structure in the
jovian atmosphere. First. we find that. on the average, lines must
be formed relatively high in the atmosphere. With the simple
RLM., pressures of formauon of the order of 0.5-1 atm are re-
quired ; the simple HSM gives good agreement with the observa-

tions for the whole spectral range with an etfective pressure of

0.5 atm. The quantitative study of vertically inhomogeneous
models and, also, the qualitative study of horizontally inhomo-
geneous models confirm that an important fraction of radiation
(more than 10°; in all cases) must be reflected at very high levels
in the atmosphere, around 0.1-0.3 atm. A large fraction of re-
flected light a1 this high level implies the presence of a cloud near
tropopause for all or part  of the observed region of the planet.
The present of a haze cannot be excluded but it, alone, is insuffi-
- cient to explain such a large fraction of reflected light at altitudes
" near 0.2 atm.

Sccondly, these low pressures of formation require large
methane concentrations corresponding to a C/H ratio of ~(1.5
+0.7) 1073 or 3.2+ 1.5 times the solar ratio of Lambert (1978).

Although the results deduced from our models imply the
presence of a cloud at pressures lower than those generally ex-
pected for ammonia condensation, they do not, in our opinion,
exclude the exisience of an ammonia cloud. Indeed the OCM can
be considered as a simplified mode! corresponding to a succession
of cloud layers which may or may not overlap; one of these
layers may very well correspond to a region of ammonia crystals
but it would not be the only cloud laver. In the TCM, the two
clouds which play an important role arc iocated at altitudes higher
and lower, respectively, than would be expected for a NH; ice
cloud; however, one can exclude neither the presence of a thin
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N, cloud at a pressure close to 0.5 atm which would have a
secondary cffcct on the methane and hydrogen line formuation,
nor that of a more important NH; cloud extending high in the
atmosphere where the pressure 1s very low.

Since our observations correspond to a portion along the
central meridian of the jovian disk, our results can be considered
as an avcrage over probable horizontal pole-to-pole inhomoge-
neities. In contrast, results deduced from a study of center-to-
limb variations can be much more affected by these horizontal
inhomogeneities, as even the lightest haze affects the center-to-
limb variations (see, e.g., Sato and Hansen, 1979).

Previous analyses of the jovian atmospheric structure have
been based primarily on center-to-limb variations. With the
horizontally homogeneous TCM and RSM, Cochran (1977) finds
abundances very different from those of Clements (1974) and of
Wallace and Smith (1977). Although these last authors find cloud
pressures in good agreement with our results. their computations
were carricd out for isotropic scattering and a comparison cannot
be reliably made. The most comparable results are those of West
(1979) who uses, like us, a phase function derived from the T.
et al. (1978) measurements. West obtains the best agreement with
his measurements at 6190 A, 7250 A, and §900 A for an optical
thickness of the firstcloud: 1, ~2,a CH, abundance of ~23 m-am
above the first cloud (of which ~5 m-am are above a light haze)
and an abundance of ~90 m-am between the two clouds. If we take
the same optical thickness 7, ~ 2, which 1= the center of our range
ofpreferred values. we obtain very similar bundances.24 +6m-am
and 924 14 m-am. respecuvely. Nevertheless, when we compare
our pressures with his, the agreement is not so good. West gives
a pressure for the first cloud of ~0.55 atm, compared to our
estimate of 0.26 + 0.08 atm, and a pressure at the top of the second
cloud of ~2.7 atm, compared to our value of 1.3+0.2 atm. How-
ever, his pressures are not based on simulianeously . obiained
spectra because the methane bands he used are not sensitive to
pressure; rather his pressures were obtained from a totally in-
dependent measurement, the equivalent width of the 4-0 S(1)
line of hvdrogen.

Simultaneous measurements are important since. as Hunt and
Bergstralh (1977 ) have pointed out. there are significant temporai
variations in the hyvdrogen quadrupole lines in the atmosphere
of Jupiter. Furthermore. a spectrum of the R $ manifold obtained
recently by de Bergh (unpublished) at Mc Donaid Observatory
indicates that variations in the CH, absorptions may also be
significant.

Rigorously, analyses of the jovian atmosphere should be
based not only on simultaneous spectra, but should also utilize
spectra of the same wavelength range. However, this last require-
ment may be less important than simultaneous observations as
the phase function deduced from Pioneer 10 for the blue and the
red are not very different (Tomasko et al., 1978). Furthermore,
the good agreement between results such as ours for the near
infrared and West's results for the visible seems to reinforce this
hypothesis, unless the coincidence is purely fortuitous.
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nmary. We investigate in this paper constraints on models of
Saturn atmosphere given by the shapes of CH, lines ncar
i in an interferometric specirum (effective limit of resolution:
cm '), A new study of this spectral range in the laboratory
rre et al., 1980; de Bergh et al.. 1980) allows us to consider
1werous Cl lines in addition to the 3 vy lines. which were the
v hnes included i all previous analyses of the region 1.1 poin
urn spectra. The widening of the range of CH line intenstuies
<ars to improve the determination of the atmospheric param-
s significantly. For a classical mode! including a clear atmo-
cre above a haze layer and a dense cloud below the haze. the
ge of possible values for the pressure at the top of the haze is
ricted by our analysis to 0.17 4 0.06 aum. The obtained values
he CH,, I, rauo arc more uncertain but they exclude the solar
e (C/H=4.7 107*; Lambert, 1978); we find (4+2) 1072 for
CH,/H, ratio in Saturn.

y words: Saturn — planetary atmospheres — scattering

roduction

current modeis of Saturn’s atmosphere (sec. e.g.. Teifel. 1976.
icy, 1977. Podolak and Danielson. 1977; Caldwell. 1977:
inz and Price, 1979), a2 haze or a cioud exicnds above the
wected NH; sublimation fevel. The pressure at the top of the
ttering layer varies from ~0.1 atm 10 ~ 0.5 atm Jdepending on
model. Consequently. estimates ol the CH, H, mixing ratio
quite uncertain: Macy (1977) and Caldwell (1977) find values
waind 2 1072 whereas Podolak and Daniclson (1977) prefer
1073, Macy (1977) used the equivalent widths of the 3v, —CH,
»s recorded by Trafton in 1970-1971 to constrain the CH,'H,
io, but he also needed to use other measurements which were
. recorded simultancously and which corresponded to different
velength ranges. Indeed. the lines of the 3v; band could be
ed just as well by synthetic profiles corresponding to a homo-
weous clear (Trafton. 1973) or scattering (Tratton and Macy.
’5) atmosphere as by profiles corresponding to an inhomo-
icous atmosphere (Macy. 1976).

In 1974, Connes and Maillard recorded an inferferometric
etrum of Saturn with an ¢ffective limit of resolution ncar 1.1 p
ter by a factor of ~2 than that ot the spectrum recorded by
ifton. Ncvertheless, an atmospheric model as simple as a
rely reflecting layer could not be excluded by an analysis of

wd offprint requests to: C. de Bergh

just the 3v; —CH, band (Lecacheux ¢t al., 1976). In this paper.
we reconsider the analysis of line profiles o CH, ncar 1.1 pin the
interferometric (Connes and Maillard) spectrum of Saturn. The
differences between the previous analvsis and the present one
are: {i) we enlarge the range of possible models: (i) we use the
revised linc intensities of the 3vy—CH, band of de Bergh ct al.
(1980} which differ significantly from the values of Begstrahlh and
Margohs (1971) used in the first analysis, and. above all. (i) we
analyse, in addinon. lines and manifolds tocated between the
3v, lines. These interlopers have intensities weaker than most of
the 3v, lings, and. as we will see further. they are very helplul in
constraining the modecls.

The analysis made here is similar to the one we made for
Jupiter (Buricz and de Bergh, 1980). The same 42 lines ot Cllg
are considered and the same computer program is used. We find
that models of Saturn with 2 homogeneous haze layer — above a
dense cloud - give an acceptable agreement with the observations
only if the haze-top pressure is 0.17=0.C5 atm. and therefore
close to the pressure at the inversion level [see Tokunaga (1978)
and Sect. IV-b in this paper]. We also obtain limits on the CH, H,
mixing raiio: (4.0 2.0 1072 As for Jupiter. they correspond to
quite high values of the C.H ratio compared to the soiar value:
C 'H on Saturn is between 2.1 and 6.4 times the solar ratio (Lam-
bert. 1978).

I. The Data

A detailed description of the Saturn spectrum analyzed here has
been given in Lecachcux ¢t al. (1976). We will only mention thut
the instrumental resolutton is 0.1 em ™! and that the slit, 576 wide
and 13" bigh, included essentially the squth temperate and polar
regions. The signal-to-noise ratio near 1.1 pis ~25,

A lunar spectrum was recorded for calibration. The con-
tinuum level used in the present analysis would be the flux level
in the absence of the CH; absorptions and also in the absence of
the absorption due to the dipofe band of hydrogen [sec de Bergh
et al. (1974) for detoils on the H, absorption near 1. p].

The laboratory intensity measurements of the CH, lines
analyzed here are given inde Bergh et al. (1980). The J-attributions
have been reported in a paper by Pierre et al. (1980). The line
widths used here are the same as those used in Buricz and de
Bergh (1980).

It. The Model

Thermodynamic considerations related to the presence of NH,
in the Saturn aunosphere unply the existence of a very dense
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id ncar the NH; sublimation level (Weidenschillimg and Lewis.
3). The uncertainty on the location ot this level is mainly due
€ uacertainty of the temperature profile, as the NH, sublima-
level is only very weakly dependent on the Ni1, concentration.
In the Spectrum analyzed here. the 3vy lines of CH, by them-
cs do not allow us to eliminate a model as simple as the
reting fayer modet (Lecacheux et al.. 1976). The supplemen-
constraint given by the H, dipole absorption is also insuf-

- 102 -

Cleor otmosphere

. . . . . » T c

%47 5 P2=’l.loi'm
vl /

Fig. 3. Our nominal model. The pressure Py = 1.1 atm corresponds
to the NH, sublimation level for the profile N of Gautier et al.
{(1977) and a solar N/H ratio

ficient to climinate such a model. but in this particular case. the
uncertainties in both laboratory measurements and . the deter-
mination of the continuum level dominale (Lecacheux et al.,
1976). However. when weak CHy lines belonging 1o absorption
bands othcr than the 3v, band are considered. we find that a
reflecting layer model which explained both the 3v, ~CH, lines
and the H, dipole absorption s no longer apnropriate. The
synthetic line profiles of the weak lines are clearly too weak
comparced with the observed ones. This is illustrated in Fig. 1.
We have shown linc profiles for a totul pressure at the reflecting
level of 1.1 ati, which is the pressure at which NH, sublimation
would occur for the typical temperature profile (V) derived from
infrared emissivities by Gautier et al. (1677) and shown n Fig. 2.
The H, abundance corresponding to that pressure is 93 km - am
H, if [H, ] [H, + H,] is assumed 1o be 0.8%6 and the gravitational
acceleration 1050 cm s ~2 (Palluconi. 1972). We obtain a good fit
for the 3v; lines with CH, H,=55 10"*. The lincs shown in
Fig. 1 are almost independent of temperature (J=35) and are
representative of the intensity range of all the 42 CH, lincs
analysed: one belongs to the 3v, band. the other two belong o
the two bands denoted by = and == in Pierre et al. (1980). The
disagreement observed lor the weakest lines confirms that an
extended haze must be present above the dense cloud. as required
by several other obscrvations (sec. e.g., the review of Trafton.
1978).

The model we consider in Part I is an isotropic homogencous
haze overlying the cloud deck. The continuum absorption indi-
Cated by the reflectivity measuremants is faKken lafe ggcount by
assuming a single-scattering itlbedo in the continuum of &3, = 0.99
for the haze and the same albedo in the continuum for the dense
cloud. The temperature profile is the profile (V) in Gauuer et al
(1977). Our nominal model. shown in Fig. 3. is then characterized
by the pressure £, at the top of the haze laver and the haze
optical thickness in the continuum. r.. For this nominal model.
we have assumed that the dust particles above the haze. which
are necessary to explain the wavelength variation of reflecuviy
at shorter wavelengths (Podolak and Daniclson. 1977), play a
negligible part in the line formation process at 1.1 p.

We then discuss, in Seet. IV, the different assumptions of this
model and. more particularly, we look at the influence of the
characteristics and distribution of the scattering particles,
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. Constraints on the Modcl

> review here the constraints on our nominal modcl which can
derived from the.analysis of the spectrum of Saturn near 1.1 p.

Influence of the Pressure at the Top of the Haze Layer

ure 4 illustrates synthetic profiles corresponding to pressures
at the top of the haze layer equal to 0.1. 0.4, and 0.8 atm.
pectively. The optical thicknesses of the haze are adjusted in
er to produce a sume lowering of the continuum level due to
dipolc H, absorption. The ratios CH, H, selected are those
ich give the best agreement between synthetic and observed
files of the 3¢, band only.

As P, decreases, scattering plays an increasingly tmportant
c and the weak absorptions are enhanced compared to ihe
ong ones: weak lines deepen and strong lines widen, This s
wi in Fig. 4 where the continuum level Tor the Cl, absorp-
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tions is the same in the three cases corresponding to the three
values of £,. In practice. however, we choosc for cach model a
continuum level for the CH, absorptions which gives a fit as
good as possible for the wings of the CH, lines and assures that
the CH, absorption plus the 1, dipole absorption arc compatible
with the observed absorption near 1.1y taking into account the
uncertaintics in the H, absorlion coefficient (~30°,) and in the
lunar reference continuum (~49,).

A pressurc close to 0.1 atm is an extreme lower limit. For
lower values of Py, although the line depths may still agree with
the observed ones, the wings would be too broad. Pressures of the
order of 0.4 atm are, on the contrary. much too high: the weak
lines are too shallow.

bi Influence of the Haze Optical Thickness

In paragraph a), the optical thickness was chosen to correspond
to the most probable value of the H, dipole absorption. For
Fig. 5. we no longer set such a constraint. We still take the H,
absorption into account but, in order 1o facilitate the comparison
between the different profiles we draw the ratios [ (H,+CHy)
1(H,).

Given the pressures P, and P, which set the boundaries of the
haze, when the optical thickness 1, increascs. the reflected photons
are scattered a larger number of times by the particles in the haze,
and. on the other hand. the photons penetrate only to higher
levels, at lower pressures. This fast point implies the necessity for’
higher CH, 'H, ratios in order to explain the CH, —3v, lines. in
other words. the influence of scattering on the absorption process
first increases and then decreases when 1, varies from O to = The
two extreme cases correspond to a reflecting layer at pressure Fsy
(when 1,—0. the photons are not scattered at all in the “huze™)
and a reflecting layer at pressure P, (when 1,— . the photons
are not absorbed by the gascous molecules in the “haze™). Thus.,
onc observes a broadening and then a narrowing of the line wings.,
whereas the weak lines get deeper and decper (sec Fig. 5). this
last effect disappeuaring, however. for very large optical thick-
nesses as it is washed out by the instrumental and Doppler line
broadening.

It is clear that the optical thickness must be ncither too small
nor too large. Profiles corresponding to t_— » are so sharp that
they are already exluded by the analysis of the 3v, lines only. In
practice, an cven stronger constraint on the upper limit of 7, is
given by the dipole band of hydrogen. Indced. the gfater the
value of 1,. the weaker is the absorptionsby the dipole tH, band.
When 1, is very large. the wings of the strong lines do not extend
very far and. consequently. neither the H, absorption. nor the
wings of the strong CH, lines can explain the observed lowering
of the continuum level which is ~14°, ncar 9050 cm ™', As an
illustration of this, the case 1,=20 (Fig. 5) which gives a rcason-
able agrecment for both strong and weak Cll lines does not
explain the obscrved lowering of the continuum level: the ab-
sorption near 9050 cm ™! cannot exceed 5°,.

¢) The Resulis

In Fig. 6 we show the ratios CH,, H, obtained for the best
agreement between the profiles computed for the model shown
in Fig. 3 and the experimental profiles of the Cli; —3v; band. as
a function of the specific amount of hydrogen and ftor different
values of the pressure at the top of the haze. We have substituted
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ig. 6. CH, H, rutios as a function of the H, specific amount -
srresponding to sotropic scaltering - and the pressure P, ob-
ined by matching the observations. The regions excluded by
ur analysis are: the region 4 - because of too shallow synthetic
cak hnes. the region B - because of oo broad fine wings and
i region € - because of insulficient absorption by H,

1 the abscissa the specific amount of hydrogen (i.e. the column
mount of H, in unit scattering optical depth) for the haze optical
rckness t,, as it is a more meaningful parameter (see further
Vb))

Taking into account not only the 3v, lincs but all the CH,
nes near 1.1 p for which an analysis is possible and including the
ipole H, absorption as well. we find that three regions of Fig. 6
ave to be excluded because synthetic and experimental profiles
isagree for the physical conditions to which they correspond. In
ne region, the synthetic weak lines are too shallow: in a second
sgion. the line wings are too broad and in a third region there is
ot enough dipole H, absorption.

We find that the vatues of CH/H, which give good agreement
ith the observations analysed here are (4 +2) 10>%. They cor-
>spond to a C'H ratio between 2.1 and 6.4 times the solar ratio
Lambert, 1978). The pressure at the top of the haze must be
' =0.17 £ 0.06 atm. i.c. the hydrogen abundance above the haze
wst be 14+ 5 km-am. Figure 7 iltustrates the agreement obtained
ctween the observed spectrum of Saturn and a synthetic spec-
rum corresponding to an average case: 2, =0.15 atm, 1,=9.5,
nd CH,/H,=3.51077,
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IV. Discussion

Our nominal model consists of a homogencous and isotropic
haze overlymg a densc cloud. and overlaid by a clear atmosphere.
As mentioned asbove. we have not included in this model the UV
absorbing dust which must also be present. We discuss here the
influence of the charactenstics of the scattering particles on the
results derived in Sect. I, i.c. the effects of their scautering
diagram and their scattering and absorbing coetficients. We then
sce how a different tempcerature profile or the presence of dust
above the haze, which both can modify the pressures himiting the
haze layer. could affect the linc profiles. We finally discuss the
effect of vertical and horizontal inhomogeneities which are most
probably present in the Saturn atmosphere.

«) Influence of the Characteristics of the Scatiering Particles

1. The Anisotropy

The optical thickness t and the scattering albedo &, derived with
the hypothesis of anisotropic scatiering are very different trom
those derived with the hypothesis of isotropic scattering. How-
ever, one can take into account the anisotropy and still do the
computations with an isotropic phase function by using the
similarity relations (Van de Hulst and Grossman, 1968: Hansen.
1969): . :

1 —@™ =(1 - @)1 - {cos 0))
and
™™ =1(1 ~Lcos 1))

or.cquivalenyy. by scaling the specific amount by the relationship:
MG = M (1~ (cos 1)),

where (cos (3 is the anisotropy fuctor.

The adequacy of the similarity. relutions depends on the
characteristics ol the particles and the directions of the incident
and emergent radiation. For the observing conditions of the
spectrum analvsed here and for the phase function derived by
Bugaenko et al. (1975) from polarization observations of the
center of Saturn’s disk. these relutions are quite adequate. This
is illustrated in Fig. 8. In Fig. 8a. arc shown the ratio of the
reflected intensitics in the line and in the continuum. [/] . as 2
function of the product Mdark, for a semi-infinite completely
homogeneous scattering medium (the absorption coefficient &, is
then independent of pressure and temperature): the diflerences
between the ratio /, /. corresponding to the Bugaenko et al. phuse
function and the ratio corresponding to the similanity relations
are always less than 0.01. In order 1o take into consideration the
vertical inhomogeneity of the atmosphere, we also show in Fig.
$b. the percentage of photons which have penetrated down to.
at least, the optical depth 1, in the continuum - to which the
pressure is related in a way depending on the model considered:
the differences remain less than 0.03. Note that. 1f we replace the
scaling factor 1—<{cos ¢>=0.281 by 0.30. the differences are
even lower: they become less than 0.01 for the two cases of Figs.
8a and b. Conscquently, the results reported in Hic would be
the same if we had used the Bugacenko et al. phase function.
provided that the specitic amount of hydrogen is less by a fuctor
0.30. '

In the case of Jupiter, a similar derivation of the phase function
by Morozhenko and Yanovitskii (1973) has been criticized
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. 8. a Intensity ratios /,//, as a function of the product of the
cific amount of absorber M by the absorption coctficient &, .
a_semi-infinite homogencous scattering medium. Curves are
:n for the isotropic phase function and for the Bugaenko et al.
75) phase function (¢3,=0.99 and 0.9972. respectively). Also
wn is the curve obtained by using the similarity relations with
anisotropy parameter (cos 05 =0.719. b Percentage of pho-
3 which have pencuated at least down to the optical depth 1,
he continuum. The scattering characteristics are the same as
Fig. 8a :

wabata and Hansen. 1975: Kawata and Hansen, 1976).
‘erthefess. we have shown (Buricz and de Bergh. 1980). that
pressures Ppoare only shightly lower for the Morozhenko and
iovitskit phase function than for the Tomasko et al. (1978)
s function, and that the CH,; H, ratios obtained by using
or the other phase function are not very diflerent. We there-
conclude that the true phase function, eventually different
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from the Bugaenko ct al. phase function. would not significantly
modify the values of the ratio ClI, H, or the pressure P, deter-
mined with isotropic scattering.

2. The Continuum Absorption

Another concern is the importance of the absorption by particles
and/or molecules in the continuum. which is expressed by the
value of the continuum albedo .. Trafton and Macy (1975) have
determined a value of 0.73 1 0.035 for the retlectivity near 1.1 g at
the center of the disk by calibrating their spectrum with the
reflectivity measurements of Bugacnko (1972) at 0.83 j: the cor-
responding value for the isotropic single-scaticring albedo is
@,=0.987+0.005. Later. Bugaenko (1973) found 0.70 for the
reficctivity at 1.1 p. Recently. Fink and Larson (1979) determined
a geometric albedo of ~0.5 near 1.1 j ~ which corresponds 1o
), ~0.985, whereas Clark and McCord (1979). with higher pre-
cision spectrophotometric data, obtained much higher refiecuvi-
ties — corresponding to values of &, around 0.995.

The uncertainty in the value of ¢, is increased by the uncer-
tainty of the phase function. Indeed. a reflectivity of 0.70 at the
center of the disk corresponds to an isotropic albedo 9, =0.983.
but, with the phase function of Bugaenko et al. (19735). this
reflectivity gives an anisotropic albedo ), =0.9924 which cor-
responds, with the similarity relations. to an isotropic albedo
w,=0.973. '

Taking into account these considerations, we have chosen
for our nominal model an equivalent isotropic albedo ¢, =0.99
but we do not exclude values such as 0.995 or 0.98. Figure 9
illustrates the influence of the continuum albedo when camparing

- profiles corresponding to ¢, =0.99 and ¢,=0.98. The differences

between the uses ¢, =0.99 and ), =0.995 are quite similar. but.
obviously. in the opposite direction. The cases illusirated in Fig. 9
show that the differences between synthetic profiles for two
modcls differing only by the value of the albedo &, are not very
significant. These differences would be even less importunt
(<0.01) if the value of the specific amount of H, was increased
by 16°, when the albedo varies from 0.99 to 0.98. without chang-
ing cither the pressure P, or the CH,/H, ratio.

In our nominal model. we had assumed that the continuum
absorption occurs in the same way in the haze and in the cloud.
In order to verify that the line protiles would not be significantly
modified for a diffcrent altitude distribution of the continuum
absorption. we hiave compared two cases: (1) &, = 0.99 in the haze
and in the cloud (our nominal case) and (2) ¢»,=1 in the haze.
and total continuum absorption in the cloud (i.e. the cloud
reflectivity is equal to zero). which is a somewhat extreme case.
The optical thickness t, has been adjusted so that the two cases
correspond to the same reflectivity of the planet: in (1) the
continuum absorption affects the photons progressively in the
atmosphere. whereas. in {2), the continuous absorption affects
the photons in a discontinuous way. We find that if all the param-
eters are the same (£;=0.15 atm. P,=1.1 aim. 7,=5.8. and
CH, 'H,=2.4 107 for both cases) the profiles / (CH, + H.)f/ (H,)
are ncarly identical (the differences are less than 0.01).

b Influence of the Temperature Profile

The influence of temperature on the line profiles studied here is
two-fold: an influence - which we characterize as direct™ - on
parameters such as the line intensitics or half-widths, and an
“indirect™ influence: the line profiles depend on the value of 7,
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g. 10. Comparison hetween syathetic protiles computed for the
me model as for Fig. 7 and two different temperature profiles:
“and N7, The temperatures are 3 higher (or iower) tor the
ofilc N* (or N7) than for the profile N of Gautier ¢t al. (1977)

iich itselfl depends on the temperature profile. as we have
sociated the sublimation level of NH, with P,.

Tempcerature profiles of Saturn derived essentially from in-
ired measurements have been reviewed by Tokurhga (1978).
ey differ from each other more in the stratospheric region than
the region at and below the inversion level, which is the region
obed by near infrared measurements. The altitude of the in-
rsion level is approximately the same in most models except
1t of Walluce (1975), but the stratosphenic temperature of
allace’s model is in disagreement with more recent measure-
ents (see Tokunaga., 1978): the temperatures at the inversion
el differ by at most 10 K. As pressure increases. the uncer-
nty On temperature increases.

In order 1o study the influence of temperature: below the
version level on our results we have selected the temperature
ofile C of Gautier et al. (1977). It is very similar to the profile
- which is the temperature profile chosen for our nominal
mospheric model - near the inversion level but differs markedly
lower altitudes, the difference reaching ~ 30 -K near 1 atm (see
g. 2). The pressure P, corresponding to the profile Cis 2.3 aum,
1iereas that corresponding to profile Nis 1.1 aum.
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Consider a line with a rotational number such that the line
strength s ulmost independent of temperature (J=4 or 3) We
shall use two modcls with a haze extending from the same pressure
Pyro o pressure P, equal to L atm for one model and 2.3 aii
for the other model. The charactenstics of the haze above the
level 1.1 atm are the sume if the specilic amount of hydrogen has
the same value for the two models. which imiplies a larger opucal
thickness in the continuum for the model with P,=2.3 aum than
for the model with [/, =1.1 atm. For the cases selecied in part 11
— corresponding to P, =1.1 atm - the optical thickness is already
>4, which means that more thun 85", of the photons are refiecied
without rcaching the level 1.1 aitm. Thus, the differences between
synthetic line profiles corresponding to the two models with dif-
ferent values of /2, are expected to be small: we have indeed found
that differences between line profiles compuied for the two models
with the temperature profiles N and € and the characteristios
given above do not exceed 27, of the intensity in the continuum.
The “indirect™ effect of temperature ts therefore extremely shight.

If we now consider lines whose strengths are more sensitive
1o temperature such as lines with J=0and /=7 the two extreme
values of J among the studied lines - the differences between line
profiles computed for the saume conditions as above remain within
the noise imits. The reason is that the values of the pressure P,
and the specific amount of H, derived from the present analysis
imply that the atmospheric regions being considered are cssen-
tially regions where the temperature profiies NV and C are not
very different.

In order to see the effect of temperature near the inversion
level, we have also computed line profiles for two temperawure
profiles 5 K warmer and 5 X colder than the .V profile. respec-
tively. Figure 10 shows profiles of the line R0 and the manifold
R7 of the 3v, band for the model P, =0.15, P, =1.1 atm. 1, =9.5.
and CH, H,="3.21072 Even for the iines of R7. which are 1he
most scnsitive totemperature, an uncertaiaty of 5 K atahitudes
ncar the inversion level leads to intensity differences lower thun
the notse in the spectrum.

In conclusion. the choice of a temperature profile different
from the one used in our nominal model — profile N of Gautier
et al. (1977)- would not have any significant effect on our resuits.
unless this profile is drastcally different from current protles
derived from infrared measurements.

¢) Influence of the Presence of Dust above the Huze

The analysis of the 1.1 p range clearly indicates the presence of
scattering particles high in the atmosphere. We expect these
particles 1o be essentially NH, crystals. One may ask. however.
if some of the scattering particles could not be dust particles
instead of NH; crystals. Indeed. in models such as those of Mucy
(1977) or Podoluk and Daniclson (19773 where the NH; haze
does not extend above 0.4 atm, the reflectivity variation at shori
wuvelengths required the presence of absorbing dust particles
above the haze.

The dust particles in Podolak and Daniclson’s model are
much too inefficient at 1.1 p (r=0.03) to have any significant
effect on the radiation: only 1°, of the photons are directly
reflected in the continuum by these dust particles.

In Macy's model for the temperate region of Saturn. there
are dust particles between altitudes corresponding to 27 and 43
km-am H,. The dust layer is located above the hase luyver which
extends down to a dense cloud at an altitude corresponding to 94
km-am H,. The scattering opticil thickness of the haze is 10. The



cattering optical thickness of the dust particlesis 1 at 0.7 p. and.
oy using the approsimate Van de Hulst (1937) relations 1s 0.42
11 e which corresponds to about 20, of the photons refiected
n the continuum. We huve drawn protiles corresponding to this
nodel. A good agreement is obtained for the stron"cst lines we
nalyse for a vatue of CH, H, equal to 1.8 1077 but, as cuan be
xpected, weak lines disagree - we are, indeed in atmospheric
onditions excluded by our analysis (see Fig. 6). We have then
ompared these synthetic profiles with synthetic profiles obtained
or a model without dust particles but in which the haze extends
etween the altitudes corresponding 1o 27 and 94 km-am H, -
ve have replaced the layers of dust plus haze in Macy’s model by
- haze. We have adjusted the optical thickness in our nominal
nodel to 11.5 in order to have the same ratio CH 'H,. The
rofiles obtained under thesc conditions almost coincide with the
nes obtained for Macy's model. We conclude trom this com-
arison that the homogencous haze of our model can be cquiva-
cnt to an inhomogencous distribution of scattering particles:
ome fraction of the “*haze™ particles in our nominal model may
cery well be dust paruicles strongly absorbing UV radiation.

However, the dust particles in models such as Podolak and
Janiclson’s or Macy's models do not explain our line profile as
hey are either too inefficient at 1.1 p or located too low in the
tmosphere. This favors the hypothesis according 1o which NH;,
rystals are present very high in the atmosphere, up 1o th level
f the temperature inversion.

[} Infleence of Large Vertical and Horizontal Inhomogencities
f Larg 2

n our previous paper about Jupiter (Buricz and de Bergh. 1980).
ve considered two sets of models: the “reflecting-scattering™
nodcls in which the scattering particles are uniformly distributed
n the atmosphere below the level P, and the "two-cloud™™ modcls
o which scattering particles are concentrated in an upper cloud
ta pressure Py and in a lower dense cloud at a pressure £,. The
“H,. H, ratios corresponding to one type of model or the other
re comparable (to £ 107%,). We have also shown qualitatively in
he same puaper that this ratio would not be significantly modified
[ horizontal inhomogencities were considered. We shall not
epeat all these developments here. but. from the similarity be-
ween our Jupiter and Suturn analyses. we conclude that the
"H,/H, ratios derived for Saturn would not be very different
rom the values derived for our nominal model (Sect. I11) in an
tmosphere which is actually very inhomogceneous, both vertically
nd horizontally. ‘

It is clear that the pressure P, we have determined has a real
ncaning only if the top of the neutral atmosphere of Saturn can
¢ properly represented by a haze with small vertical or horizontal
nhomogeneitics. However. even if these particles are more con-
entrated over certain regions of the planctary disk. one expects
hat a large number of scattering particies is present above the
evel 0.4 atm. Indeed. in all our models; the pressure is always
>ss than 0.4 atm at unit scattering optical thickness (more than
0%, of the photons are reflected above this level).

“onclusions

. For the radiation at 1.1 p, Saturn’s atmosphere is equivalent to
- homogencous haze. The optical thickness of the haze is great
nough that the location of the dense NH, cloud below it will not
ignificantly affect the CH, absorption line profiles. In contrast,
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the location of the top of the haze is strongly constrained by the
analysis of both strong and weak CH, absorptions near 1.1 q:
the derived abundance of hyvdrogen above the haze is 145
knm-am.

2. The valuc of the specific amount of hvdrogen characterizing
this homogencous haze strongly depends on the anisotropy of the

“particies. Using the Bugaenko et al. (1975) phuse function which

corresponds to particles with a refractive index #~1.4 and an
average radius: r~ 1 p, the specific amount of hydrogen is of the
order of 3 km-am, within a factor of 2. The corresponding density
ol particies which varies with pressure is 50 cm ™7 at the pressure
1 atm. Assuming that the haze is made of ammonia crystals. the
mass density is then about 2 1077 g/l (between 1077 and 4 107
¢ Dat the pressure | atm. We arce. thercfore. really in the presence
of a "haze™ and not a “cloud™: the cloud that is supposed to be
present near the NH, sublimation level has a mass density about
10* more important (Weidenschilling and Lewis, 1973},

3. Nothing in our analysis requires that this haze is made of
ammonia crystals. In addition. even if the Saturn atmosphere is
equivalent to a well-mixed haze for the radiation at 1.1 p. there
i1s no constraint on the homogencity of the haze. However. we
think that even if the actual haze in Saturn is inhomogencous,
the M, abundance above the haze should not differ from 13+ 10
km-am. Indeed: (i) as we have indicated in 1Vd. in our nominal
modcl more than 40°, of the photons are reflected above the
level 35 km-am H,. (ii) Although the comparison with other
results is often difficult. particularly because of a different role of
scattering at different wavelengths, it is clear that the total amount
of hydrogen deduced with the hypothesis of a reflecting laver is
an upper limit of the reul abunduance of H, above the haze or the
upper cloud in the more realistic hypothesis that the absorption
occurs bothi n the clear atmosphiere and the scattering atmosphere.
In the case of sttong absorptions. even with the hypothesis ot a
reflecting layer, the H, abundance is relatively weak : Martin et al.
{1976) found 257'S km-am H, by analysing the fundamental 1-10
band (they would have found cven less if they had taken into
account the NH, continuum absorption n the wing of the H.
bund}) and de Bergh et al. (1977) ¢btained 252, km-am from the
analysis of the Q1) quadrupole line of hyvdrogen. The low H,
abundances deduced from the present analysis are therefore quite
in agreement with what could be expected if scattering is taken
into account. (iii) The result we obtain agrees with measurements
in the UV which are sensiuve to Rayicigh scattering abosve the
haze or cloud. Teifel (1976) deduced from measurements at
0.355 p an H, abundance above the cloud of 10+3 km-am H,.
Furthermore. the increase in reflectivity observed for wavelengths
less than 0.35 u requires the presence of a clear atmosphere above
any haze or dust layer: the H. abundance in the clear atmosphere
varies from 7 km-am (Podoiak and Danielson. 1977).10 27 km-am
(Macy. 1977).

4. The analysis of the 1.1 p region therefore indicates the
presence of scattering particles high in the atmosphere. It also
allows us to determine. in a way depending only slightly on the
assumptions of the model (see Sect. 1V). the rauo CH, H,.
Although the uncertaintics on this ratio are still large [(4 £ 2310 4]
for the spectrum analysed here, we can conclude that meosure-
ments at 1.1 p exclude a solar value for the C/H ratio.
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CONCLUSTION

Notre but était d'interpréter des spectres planétaires dans le
proche infra-rouge en utilisant dans la mesure du possible une méthode de
calcul simple. L'une des raisons était, disons, "financiére" : étant
donnés les temps de calculs numériques nécessaires & la résolution del'é-
quation de transfert en milieu inhomogéne, il est nécessaire de limiter
l'utilisation de tels programmes de calcul. L'autre raison est plus "phy-
sique” : on ne peut cerner ce qui est essentiel dans le transfert du

rayonnement que si l'on utilise des modéles physiques assez simples.

Le modéle d'atmosphére le plus simple est celui de la "couche
réfléchissante" (RLM).Méme pour ce modéle dans lequel seules pression,
température et éventuellement concentration de gaz absorbant varient, il
a fallu introduire l'approximation de CURTIS-GODSON. L'atmosphére est
alors assimilée & une couche homogéne définie par une pression %, une
température 8 et une abondance de gaz absorbant ﬁ, Un tel modéle, s'il
est réaliste, est idéal pour l'analyse des spectres planétaires puisque,
en laboratoire, une cellule d'absorption permet une simulation directe de

la couche d'atmosphére.

Les photons réfléchis par une atmosphére claire ont tous ren-
contré la méme abondance de gaz. Il n'en est pas de méme dans le cas
d'une atmosphére nuageuse. Les modéles diffusants ne peuvent plus étre
simulés & l'aide d'une seule cellule d'absorption. Si 1'atmosphére est
homogéne, une cellule contenant une abondance de gaz u simule le modéle
pour les photons réfléchis par 1l'atmosphére aprés avoir rencontré cette
méme abondance u. Une simulation est donc encore possible si l'on dis-
pose d'un grand nombre de cellules différentes. Si l'atmosphére n'est
pas homogéne, les photons qui ont rencontré une abondance de gaz u ne sont
pas absorbés de la méme maniére s'ils ont pénétré profondément dans 1l'at-
mosphére ou non. Selon les conditions de température et de pression ré-
gnant dans 1'atmosphére le long du trajet des photons, la cellule d'ab-

sorption doit donc contenir une abondance de gaz plus ou moins importante.
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Le probléme est compliqué par le fait gue la loi de variation de
1'absorption avec l'altitude n'est pas la méme suivant la fréquence ob-
servée. On fait alors l'approximation suivante : le gaz est soumis aux
mémes conditions de température et de pression dans toutes les cellules
d'absorption ; les abondances de gaz dans ces cellules sont choisies
pour permettre une simulation de l'effet de 1l'atmosphére sur 1'absorp-
tion dans les ailes des raies. Si l'on s'intéresse aux largeurs équiva-
lentes de raies, la simulation permet de déterminer les largeurs équi~
valentes de raies fortes (pour lesquelles l'influence des ailes est pré-
pondérante) ; la pression & priori arbitraire est alors choisie de fagon
& pouvolir déterminer aussi les largeurs équivalentes des raies faibles.
Si au contraire on s'intéresse aux profils des raies, la pression est
choisie de sorte que la simulation soit valable non seulement dans les

ailes mais aussi aux centres des raies.

Cette idée simple de reconstituer un spectre planétaire a l'aide
d'un grand nombre de cellules d'absorption nous a conduit & introduire la
fonction de distribution de l'abondance de gaz absorbant pondérée par la
température et la pression. Pour le calcul des largeurs égquivalentes de
raies, nous avons ainsi pu généraliser au cas de n'importe guel type
d’'atmosphére 1l'approximation de CURTIS-GODSON initialement développée -
pour les atmosphéres claires. Une approximation du méme type a été dé-

veloppée pour les profils de raies synthétiques ; elle nous a permis de

réduire de fagon notable les temps de calculs numériques.

Il nous semble plus important encore de souligner que la no-
tion de "distribution d'abondance pondérée” nous a permis de voir sous
un angle nouveau quels types d'informations peuvent &tre obtenus & par-

tir d'un spectre planétaire :

Les largeurs équivalentes de raies idéalement isolées et for-
mées dans une atmosphére nuageuse (non conservative) différent trés peu
de celles qui seraient formées dans une atmosphére claire définie par
une température 8, une pression r% et une abondance de gaz absorbant
My o 8 est la température de rotation déterminée & partir des équations
classiques établies pour le modéle de la couche réfléchissante ; Wy est

l'abondance de gaz absorbant rencontrée en moyenne par les photons en
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. " . .
absence d'absorption et P est la pression de formation correspondante ;

r est le rapport des abondances "pondérées" en régime d'absorption forte
et faible ; il varie de 1 (pas de diffusion) & O (nuage conservatif semi-

infini) ; c'est donc un excellent "indicateur de diffusion".

A partir de la mesure de largeurs équivalentes de raies, il
n'est possible d'éliminer des modéles d'atmosphéres que si l'on connait
une relation liant Hy et rg, ce qui nécessite de connaitre la concentra-
tion en gaz absorbant. L'interprétation des profils de raies est plus
riche en informations : l'analyse des ailes de raies permet de déterminer
ltindicateur de diffusion r et donc d'éliminer un certain nombre de
modéles sans faire d'hypothése sur la concentration en gaz absorbant ;
l'analyse de la région centrale des raies impose des conditions supplé-

mentaires sur la structure des hautes couches de l'atmosphére.

La possibilité d'une détermination précise des paramétres tels
que 8, %, ul et r doit étre envisagée avec précaution: les raies ne sont
jamais parfaitement isolées. Pour la mesure d'une largeur équivalente, la
forme des ailes de la raie doit étre extrapolée différemment suivant le type de
modéle envisagé. Les quantités @, My et rg peuvent étre déterminées &
partir des valeurs des largeurs équivalentes de la méme fagon quelque
soit le modéle d'atmosphére, mais, en pratique, les largeurs équivalentes
des raies observées doivent étre mesurées différemment suivant le type
d'atmosphére (pour tenir compte de la forme des ailes de raies). Pour l'a-
nalyse des profils de raies, le probléme est différent puisque l'on étudie
le spectre en tenant compte du recouvrement des raies. Une grande incer-
titude peut toutefois subsister si le niveau continu n'est pas connu avec

précision.

Dans tous les cas,l'analyse d'un spectre planétaire ne permet pas
de déterminer la structure réelle de l'atmosphére, mais simplement une
schématisation de celle-ci. Pour des atmosphéres extrémement complexes
telles que celles de Jupiter et Saturne, nous avons défini les informations
essentielles que l'on peut obtenir & partir d'un spectre observé : (i) la
région sondée par l'atmosphére, (ii) l'importance de la diffusion dans cette
région, (iii) plus particuliérement le réle joué par la diffusion dans les

trés hautes couches de l'atmosphére ; (iv) la concentration du gaz absorbant.
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Nous avons analysé la région de la bande 3v3 du méthane dans les
spectres de Jupiter et de Saturne enregistrés par CONNES et MAILLARD en
1974. Nous pouvons résumer les résultats obtenus sous forme de réponses

aux gquestions précédentes

(i) l'atmosphére sondée correspond pour les différents modéles sélectionnés

4 des pressions "apparentes" relativement faibles

¥
¥

[

~
1+

0,2 atm pour Jupiter

n

H

0,1 atm pour Saturne.

(ii) L'indicateur de diffusion obtenu est

a$
1
+

0,2 pour Jupiter

0,2 pour Saturne

La]
n
g

ce qui exclut 1l'hypothése d'une atmosphére claire, sans gue l'on puisse

faire la distinction entre un modéle & un seul nuage étendu et un modéle

& plusieurs nuages denses.

(iii) Cependant, dans tous les cas, la présence de particules diffusantes
haut dans l'atmosphére est nécessaire. Plus de 10 % des photons réfléchis

par Jupiter pénétrent tout au plus jusqu'au niveau correspondant a 0,3 atm.

Cette proportion passe & 30 % pour le méme niveau dans le cas de Saturne.

(iv) Les concentrations obtenues correspondent & un enrichissement du rap-

port C/H comparé & la valeur solaire

CH4 -3
= (2,8 £ 1,3) 10 ~ pour Jupiter
2

()

CHy -3
—_= (4 = 2) 10 pour Saturne

2

(#) Valeurs révisées a l'aide des mesures d'intensités S_ les plus récentes
oJ

{(C. DE BERGH, communication privée).



- 114 -

L'imprécision du résultat est liée aux limites expérimentales & la
fois au niveau du spectre observé (résolution instrumentale et rapport s/n)
et au niveau des mesures en laboratoire (incertitudes sur les intensités
des raies, les demi-largeurs de LORENTZ,...). Mais cette imprécision est
aussi liée & la technique du spectre synthétigue elle~méme (indépendamment
des difficultés pour utiliser cette technigue). Pour repousser plus loin
les limites de la connaissance des planétes a partir d'un spectre observe,
on peut joindre & la spectroscopie l'apport de la polarimétrie. Nous avons
montré que l'on pouvait généraliser & n'importe quel paramétre de STOKES
la notion de distribution d'abondance "pondérée". Tandis que les spectres
des paramétres de STOKES Iz et Ir sont formés & l'intérieur d'un nuage

pratiquement au méme niveau que I, le spectre de Q = I =~ Ir est formé

beaucoup plus haut dans 1l'atmosphére. L'obtention du séectre de Q permet-
trait ainsi une meilleure localisation du sommet des nuages. De plus, la
comparaison entre les largeurs équivalentes des raies fortes formées dans

un nuage et associées respectivement & I et ¢ permettrait une détermination
du rapport des échelles de hauteur gaz ambiant- particules ou gaz mineur-
gaz ambiant. S'il est possible d'obtenir un rapport signal/bruit suffisam-
ment €levé pour permettre une comparaison entre les profils des raies fortes,
l'information sera encore plus riche : de la méme fagon que pour I, on
obtient pour Q un indicateur de diffusion correspondant & des niveaux plus
élevés dans l'atmosphére. La spectropolarimétrie apparait donc comme un

puissant moyen d'investigation des planétes qui devrait &tre développé

dans les années & venir.
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ANNEZXE &

v n .
Schéma de calcul de la distribution p(u) et de la pression P (introduites

au chapitre I).

1 - Découpage de l'atmosphére en un nombre fini de couches homogénes.

La i-éme couche est caractérisée par

- le diagramme de diffusion

- l'épaisseur optique mise sous la forme
AT {l) = Arc(i) + K £(1) pafi) . (B1)
ATc(i) représente l'épaisseur optique de la couche dans le continu ; X est
homogéne & un coefficient d'absorption massique ; £(i) sera la fonction de
pondération ; pAa(i) est 1l'abondance réelle de gaz absorbant contenue dans
la couche.
- l'albédo de simple diffusion
w(i) = wc(i) Arc(i) / ATy, (B2)

wc(i) étant l'albédo continu.

2 - Calcul préliminaire de l'intensité continue Ic': résolution de 1l'équa-

tion de transfert pour K = o dans Eg. (Bl).
3 - Calcul de la fonction p(u')
~ calcul de la fonction de pondération intervenant dans Eg. (Bl) :
£(i) = du / &u' ; ce rapport est défini par Eg. (I-20)
- résolution de l'équation de transfert pour (2N-1) valeurs de K bien
réparties sur l'intervalle |o, w[ et éventuellement pour K - = si une par-

tie du rayonnement est réfléchie sans rencontrer de gaz absorbant. Typi-

quement, N = 5.
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- Approximation des rapports des intensités I(K) / Ic au moyen de

Eq. (I-7).
- Calcul de la fonction p(u') par Eg. (I-8) et des moments u'1 et
' W ow s . , . " N 2.
U 172 par Eq. (I-9). A ce stade, "l'indicateur de diffusion" r = (“1/2) /u1

peur &tre calculé puisqu'il est identique & (u'l/z)z/u'l.
4 - Calcul du moment u"l

- Calcul d'une nouvelle fonction de pondération intervenant dans
Eq. (B1) : f£(i) = du / du" ; ce rapport est défini par Eq. (I-21).

-~ Calcul de p(u") puis de u", comme précédemment (§ 3) ou plus direc-

1

tement calcul de u", & partir de la résolution de l'équation de transfert

1
pour K trés petit

1 . d I(K
¢ Koo y
soit
1 I(K
Wy (r - Ei-)) , pour K trés petit. (B4)
c

N
5 - Détermination de B et p(u) par Egs. (I-23 et 28).
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ANNEXE B

P . i . , 2
Schéma de la méthode décrite au chapitre IV 2b (détermination de Pv)

1 - Le rapport des intensités I\)/IC défini par Eg (IV-15) est approximé a
l'aide d'un approximant de PADE (cf. chap. I ou Annexe 1 : calcul de la

fonction p(u'))

I P (K)
\ N-1
U N =R (1)
Ic e} QN(K)
avec N Po
XK=k (P ,0) —
Vo P

(IO # o seulement si une partie du rayonnement est réfléchie sans rencontrer

de gaz absorbant) .

2 - Résolution de l'équation de transfert a J fréquencesvj pour L intensi-

tés 52 de raies isolées, réparties sur 1l'intervalle [Sm ' smax] des inten-

in
sités des raies observées. Les fréquences Vj sont choisies de maniére &

permettre l'interpolation du profil de la raie { & partir des J intensités

Iv (Sl'vj)' Typigquement L = J = 5.

3 -~ 8i Av est la limite de résolution expérimentale, on choisit une fré-

guence vj sur l'intervalle ]Vo’ Vo + Av['. Pour cette fréquence, les L

=

2
valeurs de Iv (s ,vj) permettent de déterminer L valeurs de Pv(Iv ) &

L
partir de Eq (Bl). Par moindres carrés, on obtient une premiére détermina-

tion des coefficients a, de Eg (IV-16)

M<L 1 \®
P = Doa |- (B2)
m=0 C

4 - Calcul de l'intensité IO convoluée au centre de la raie (£ = 1, L).

L

exact

(a) a partir des intensités Iv(sl’vj) calculées au § 2 : I02

(b) & partir des Egs. (Bl) et (B2) de fagon itérative : I:ipr'
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5 - Les paramétres a sont corrigés de proche en proche jusqu'ad ce que 1l'é-

cart quadratique moyen

- —

exact _ Iappr‘2

ok ol (B3)

L
E =) 1
3

soit minimal. Pour accélérer ce calcul, on utilise une méthode de gradient

minimal. En général 3 ou 4 itérations suffisent.

6 - On peut alors calculer Iv pour n'importe quelle raie (isolée ou non)

a n'importe quelle fréguence & partir des Egs. (Bl) et (B2). La précision
de la méthode dans la zone critique des épaules de raies peut étre estimée
en comparant les profils convoluées approchés aux profils convolués

"exacts"”" (& partir de § 2).
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