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Computations of the equivalent widths of absorption lines as a function of
planctary phase angle are made for a homogencous eloud with particles having
the propertics (shape, refractive index, and size distribution) deduced from
polarimetry of Venus. The computed equivalent widths show an ‘inverse phase
effect’ comparable to that which is observed for CO, lines on Venus. This result
verifies a recent suggestion of Regas et al. that the existence of an inverse phase
effect does not by itself imply the presence of multiple layers of scattering particles

in the atmosphere of Venus,

IXTRODUCTION

Observations of the equivalent widths
of CO, lines on Venus suggest a decrease in
the equivalent width toward small phase
angles (superior conjunction). The most
complete published observations are those
of Young et al. (1971; cf. their Fig. 12) and
Young (1972, their Figs. 4-9). The equiva-
lent widths of the 78204 CO, bands
appear to be 10-30% less for phase angles
in the range 0-30° than for phase angles of
50-80°. Although the phase variation is
uncertain, due to comparable day-to-day
fluctuations in the measured equivalent
widths, it has nevertheless been used as the
basis for definitive claims about the struc-
ture of the clouds of Venus.

Venus is observed to be veiled by clouds
or haze, so the absorption lines in reflected
solar light must be formed in or above a
scattering atmosphere. It has been shown
that, for a homogenecous atmosphere with
1sotropic scattering, the equivalent widths
of absorption lines will decrease mono-
tonically with increasing phase angle
(Chamberlain and Kuiper, 1956 ; Chamber-
lain and Smith, 1970). Thus tho inverse
phase effect, if it is real, implies either that
the scattering is anisotropic or that the
atmosphere is inhomogeneous (or both).

Of course, in reality, both complications
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exist on Venus: The scattering is aniso-
tropic and the atmosphere is inhomogene-
ous. But if it could be shown that aniso-
tropic scattering does not cause an inverse
phase effect, then the observed phase effect
could more easily be used to investigate the
vertical structure of the atmosphere. This
supposedly has been done. Hunt (1972a,b)
has made extensive computations for
spherical cloud and haze particles. For the
case of a homogeneous atmosphere, he
finds that ‘... the phase curves computed
with this model are always smooth. mono-
tone decreasing functions of the phase
angle ...”” (Hunt, 1972a).

Regas et al. (1973) have called this
result to question. Hunt’s conclusion is
not consistent with the computations of
Hansen (1969) which showed a decreased
line depth at small phase angles for a
scattering diagram' with a backward lobe.
Regas et al. integrated line profiles com-
puted by Hansen to obtain the equivalent
widths at several phase angles; they showed
that an inverse phase effect exists for the
particular scattering diagram employed,
which was appropriate for terrestrial water

! In this paper we use the terminology ‘scatter-
ing diagram’ instead of the more common
‘phase funetion’ in order to avoid confusion with
‘phase effect’.



PHASE EFFECT OF CO, LINES ON VENUS 147

clouds. Unpublished computations of
Regas, made with an approximate com-
putational method including the effects
of inhomogeneity, show a similar effect.

CALCULATIONS

It is possible to make computations with
scattering diagrams which are much more
relevant to the atmosphere of Venus. It
has been shown from the linear polariza-
tion of sunlight reflected from Venus that
the “‘cloud’ particles are spherical with a
refractive index ~1.43 (for wavelengths
0.8-1um) and a mean particle radius
~1pum (Hansen and Arking, 1971; Hansen
and Hovenier, 1973).

The scattering diagram we employ here
was computed for A= 78204, n, = 1.43,
n; =0, and the particle size dlstrlbutlon
(Hansen, 1971b).

n(r) = constant r¢1=32/b g=r/ab,

(1)
a, the mean effective radius, was 1.05um,
and b, the effective variance, was 0.07. The
integration over particle size was for the
range (0—4pm), which, for the distribution
employed, is practically equivalent to the
range (0-o). The integration was made
with a sufficient number of points (~10%) to
assure convergence. The resulting scatter-
ing diagram is shown by the solid curve in
Fig. 1. Results are also shown for n, = 1.41
and 1.45 in order to illustrate the magni-
tude of the uncertainty in the scattering
diagram of the Venus cloud particles; the
valuo 0.02 is the maximum uncertainty in

n,, not a probable error. Variations in the
scattering diagram due to uncertainties in
the size distribution are comparable to
those illustrated in Fig. 1.

Thus it is clear that the scattering dia-
gram for the Venus clouds has backward
lobes for scattering angles 150-180°, at
least for the region of the atmosphere
responsible for the polarization and absorp-
tion lines of reflected sunlight. The peak at
scattering angles ~160° is the ‘rainbow’
which is due to light internally reflected
once inside the cloud partlcles while the
peak at 180° is the “glory”” which arises
from the edge rays striking the cloud
particles (cf. van de Hulst, 1957; Hansen.
1972).
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Fic. 1. Scattering diagrams used for multiple
scattering computations. The Mieo results are
for the indicated values of refractive index, with
all three for A = 7800 A and the size distribution
(1). The Henyey-Greenstein scattering diagram
is for an asymmetry parameter, {cosa), the
same as that of the Mie seattering diagram for
n, = 1.43.

Let o = scattering coefficient per unit
volume, k.= absorption coefficient per
unit volume in the continuum (which may
be due to absorption in the scattering
particles), and k, = additional absorption
coefficient per unit volume (due to the gas
causing the absorption line). The single-
scattering albedo at the frequency v is then

@y = U/(kv (2)

The single-scattering albedo in the con-
tinuum is

+ k. + o).

@, = 0/(kc + o),

(3)

which is assumed to be constant over an
absorption line. For the Lorentz line shape

v —v\217!
el (5T

where y is the Lorentz width of the line.
If the single-scattering albedo at the line

(4)
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center in the absence of continuous
absorption is represented by &,

& = of(ko + ), (%)
then @, may be expressed as
_ 1 1—a@, 17
“= [5 TGl T xz)] ©

where z = (v — vy)/y.
The equivalent width of an absorption

line is
y GoIc_Iv
W _f—lc dvs

0
where I, and I, are the intensity in the
continuum and at the frequency v within
the line. Thus for a Lorentz line

M

W(a,, @) ~ 2y f Id@c) ~
0

I (@, &g, ) ]
ey &

(8)

We computed reflected intensities for a
homogeneous atmosphere using the doubl-
ing method, which has been described
many times in the literature (e.g., Hansen,
1971a; Whitehill, 1972). The results were
integrated over the illuminated part of the
planetary disk? using the method of Horak
(1950). The computations were made with
a continuum single-scattering albedo, &,
which would yield a spherical (Bond)
albedo of ~92% in the continuum, the
same spherical albedo as that assumed by
Hunt (1972b; cf. his 'Table 2 and Fig .2);
a series of photoelectric observations sum-
marized by Irvine (1968) indicates that this
is approx1matelv the spherical albedo of
Venus for A ~ 8000 A. For the Mie scatter-
ing diagram with n, = 1.43 this required
@, ~ 0.99956; the anisotropy parameter?

2 Integrations were also made along a line
on the planetary disk to simulate a given spectro-

meter slit orientation on the planet. as discussed
in the last paragraph of this section.

3 (eosa) is the average value of cos a weighted
by the scattering diagram, p(a),

o1
(eosa) = § ' p(e) cos ad(cos a),
J -1
where « is the scattering angle. For isotropic

scattering the single scattering albedo (&%)
corresponding to an assumed spherical albedo
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for this scattering diagram is {cosa) ~

0.6773. Computations were also made with

the Heney-Greenstein scattering diagram,
1 — {cosa)?

1 + {cosa)? — 2{cos o) cos ar)3/2

pla) = (
(9)

using the same values of @, and (cosa) as
for the Mie scattering diagram. Finally,
computations were made for isotropic
scattering with the &, defined above

modified according to the similarity
relation
1—-&
oo =1— .. "V . 10
I —<cosa) (10)

with {cosa) = 0.6773.

Figure 2 shows the relative equivalent
widths computed for the three scattering
diagrams. These are each normalized to
unity at the phase angle where the maxi-
mum value occurs. Figure 2 was obtained
from computations for @,=1/(1 + () 1),
but for &, == 1/(1 + 1) and &4 = 1/(1 + 10)
the results are practically the same as those

illustrated; thus within this range the
conclusions are not sensitive to line
strength.

The major contribution to the equivalent
width comes from the wings of the lines.
However, with actual observations it is
usually impossible to measure the entire
equivalent width because of the over-
lapping of lines and the consequent diffi-
culty in defining the true continuum. Thus
in Fig. 3 we have also illustrated the
results of computations (for the Mie
scattering diagram, n, = 1.43) in which the
integration for the equivalent width was
from I, to 0.99I, and from I, to 0.751 .
For the latter case, the shaded part of the
insert in Fig. 3 indicates the area included
in the equivalent width. The uniformly
depressed continuum which we have con-
sidered in Fig. 3 does not provide an
accurate representation of some practical

can be found in Table Al of Chamberlain and
Smith (1970). The value of @, which will yield
approximately the same spherical albedo for
anisotropic scattering then follows from J(cose)
and thoe similarity relation (Hansen, 1969):

— 1 — (1 = <eosod)(1 — @)
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Fi1g. 2. Equivalent widths for a Lorentz absorption line. The Henyey-Greenstein and Mie
(n, = 1.43) scattering diagram used in the computations are shown in Fig. 1. The calculations were
for @y == 1/(1 + 0.1), corresponding to a line of intermediate strength. The results for each scattering

diagram are normalized to unity at the phase angle of maximum equivalent width.
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Fic. 3. Equivalent width of a Lorentz absorption line, as in Fig. 2. The results are for the Mie
scattering diagram (n, = 1.43), but the area included in the equivalent width is limited to that
below 0.991, and 0.751,. The insert on the upper right is a schematic indication of the arca included

for the integration to 0.757,.
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problems which arise in measurements of
equivalent widths (A. Young, private
communication), but a comparison of
Figs. 3 and 2 is nevertheless sufficient to
(1) illustrate that an inverse phase effect
can be expected even if the continuum is
not precisely known, and (2) illustrate that
an accurate measurement of the phase
effect would require a very accurate
knowledge of the true continuum.

From Figs. 2 and 3 it is obvious that the
equivalent width as a function of phase
angle depends markedly on the shape of
the scattering diagram. An “‘inverse phase
effect” exists for the Mie scattering
diagram, and it is clear that this is a direct
result of the shape of the scattering dia-
gram: indeed, if Fig. 1 is turned upside-
down and compared to the other figures,
the close correspondence is even clearer
(but note that the vertical scale is logarith-
mic in Fig. 1). The inverse phase effect is
clearly due to the backward peaks {the
rainbow and glory) in the scattering dia-
gram; at their scattering angle these
features cause an increase in the percentage
of single scattered photons and a corres-
ponding decrease in the percentage of
photons with a long total pathlength in the
atmosphere.

The results which we have illustrated
are for the intensity integrated over the
visible part of the planet. We have also
examined the distribution of intensity over
the planctary disk, and we have made
integrations along a line on the disk to
represent a given spectrometer slit orienta-
tion. In the latter case the inverse phase
effect may be somewhat stronger or weaker
than in the case of the integration over the
visible disk, with the results depending on
the slit location. For the most convenient
slit location, along the intensity equator,
the relative equivalent width is nearly the
same (within ~0.03) as for the disk-
integrated results in Figs. 2 and 3 (for the
same values of @, and other parameters).

DiscussioN

The results which we have presented
illustrate that a signature or imprint of the
scattering diagram is carried by the phase

WHITEHILL AND HANSEN

variation of the equivalent width of
absorption lines. The correspondence is so
straightforward that it would seem natural
to try to invert measured equivalent widths
for Venus (which can be observed at all
phase angles) to extract the scattering
diagram. However, in practice, this will
be difficult because of the day-to-day
variations which exist in the equivalent
widths and because of the comparable
magnitude of effects due to atmospheric
inhomogeneities. These difficulties are
illustrated by a comparison of Fig. 12 of
Young et al. (1971), Figs. 2 and 3 of our
paper, and Fig. 9 of Hunt (1972b). It is
very unlikely that the scattering diagram
can be deduced from equivalent widths
with an accuracy comparable to that which
can be obtained indirectly through the
polarization.

But since the scattering diagram is
already accurately known from the polariz-
ation, it would seem more promising to try
to use the variation of equivalent width
with phase angle as a tool for investigating
the vertical atmospheric structure. We
want to emphasize that such studies must
incorporate an accurate representation of
the scattering diagram. Regas et al. (1973)
have made a similar statement. However,
even if a reliable scattering diagram is
employed, such studies will still be
hampered by the difficulty in measuring
equivalent widths and their day-to- da\
variations. A greater potential for investi-
gating atmospheric structure may be
provided by line profiles; because, in
principle, the profile of an entire band can
be measured at one time, the results are not
as sensitive to the shape of the scattering
diagram as they are for equivalent widths,
and the effects of temperature and pressure
vary from line to line within a band in a
predictable fashion. Preliminary reports
of studies of line profiles of Venus (Traub,
1971; Carleton et al., 1971) support the
assumption that the linc profiles can yield
information on atmospheric structure, but
adequate details of this work have not been
published yet.

For problems in absorption line forma-
tion, the atmosphere of Venus is certainly
inhomogenecousin the vertical direction due
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to variations of temperature and pressure.
It is probable that there are also significant
changes in the scattering properties with
height: maps of thermal emission demon-
strate that there is a continuous cloud
cover with substantial optical density at
a temperature level ~230K (corresponding
to a pressure ~200mb}; and transits of
Venus across the sun and the extension of
the ‘horns’ of Venus at small phase angles
indicate that there are more diffuse (i.e.,
haze) particles higher in the atmosphere,
at pressures as low as ~5mb (cf. the reviews
by Hunten, 1971 and Rea, 1972). Thus in
detailed theoretical studies the effects of
inhomogeneities must be investigated. Qur
computations reported here were made
with a homogeneous atmosphere only so
that the phase effect due to the shape of
the scattering diagram could be isolated.
Even if the “inverse phase effect” for
absorption lines on Venus (assuming that
there is one) is primarily due to the shape
of the scattering diagram, we should still
not expect our computations to agree with
observations for large phase angles; any
gas above the clouds would tend to keep
the equivalent width from decreasing at
large phase angles as rapidly as it does in
the computations illustrated here.
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