Absorption of Sunlight in the Atmosphere of Venus

Abstract. In this report the fluxes measured by the solar flux radiometer (LSFR) of
the Pioneer Venus large probe are compared with calculations for model atmo-
spheres. If the large particles of the middle and lower clouds are assumed to be
sulfur, strong, short-wavelength absorption results in a net flux profile significantly
different from the LSFR net flux measurements. Models in which the smallest parti-
cles are assumed to be sulfur gave flux profiles consistent with the measurements if
an additional source of absorption is included in the upper cloud. The narrowband
data from 0.590 to 0.665 micrometer indicate an absorption optical depth of about
0.05 below the cloud bottom. The broadband data imply that either this absorption
extends over a considerable wavelength interval (as might be the case for dust) or
that a very strong absorption band lies on one side of the narrowband filter (as
suggested by early Venera 11 and Venera 12 reports). Thermal balance calculations
based on the measured visible fluxes indicate high surface temperature for reason-
able assumptions of cloud opacity and water vapor abundance. The lapse rate be-
comes convective within the middle cloud. For water mixing ratios of 2.0 X 10~*
below the clouds we find a subadiabatic region extending from the cloud bottom to

altitudes near 35 kilometers.

A brief description of the broadband
upward, downward, and net flux of sun-
light in the atmosphere of Venus mea-
sured by the solar flux radiometer
(LSFR) on the Pioneer Venus mission
was given in (/). Here we describe our
first comparison of some of the measured
net fluxes with model calculations. For
this purpose, a trial cloud structure was
adopted on the basis of the particle size
distribution measurements of Knollen-
berg and Hunten (2). We have taken the
number density of particles to be propor-
tional to r{ ~30be=rlab) - wwhere r is the
particle radius, a is the mean effective
radius, and b is the mean effective vari-
ance [following Hansen (3)]. The total
size distribution has been approximated
by several size modes as shown in Table
1. We assumed that for each size mode,
except mode 1 at pressures less than
0.183 atm, the particles were uniformly
mixed with the gas in each pressure in-
terval. We thought that the cloud particle
size spectrometer (LCPS) data at lower
pressures (down to the start of data at
~ 0.12 atm) indicated a tendency for par-
ticle number density to decrease some-
what faster than the pressure for the
mode 1 particles. We have assumed the
scale height of the mode 1 particles to be
half that of the gas at pressures less than
0.183 atm. It is of interest that in this
model the cloud optical depth, 7, is 1.0
above the 50-mbar level and 0.15 above
10 mbar, both reasonable values (¢).

One might expect the number of small-
er (mode 1) particles to decrease more
slowly with altitude than the larger
(mode 2) particles, but if this were the
case, the smaller particles would domi-
nate the mode 2 particles at the 7 = 1
level, and probably be inconsistent with
the ground-based polarization observa-
tions. The mode 2 particles, however,

are of just the right size to be consistent
with the polarization data if they domi-
nate near the 7 = 1 level.

We emphasize that our present pur-
pose is to adopt a rough working model
for a first comparison with the LSFR flux
measurements. Improved size distribu-
tions will surely be determined from the
LCPS data (5), but we believe some in-
teresting constraints on the composition
of the various size modes can be ob-
tained from even this preliminary model.

Because of their sizes, it seems rea-
sonable to assume the mode 2 and 2’ par-
ticles are the H,SO, particles deduced
from ground-based observations. Here
we examine in particular the hypothesis
that the particles of mode 3 (and possibly
also mode 1) are sulfur, as has been sug-
gested by Knollenberg and Hunten (2).
Figure 1 shows the net flux measured by
the LSFR in the interval from 0.4 to 1.0
um plotted against altitude compared
with several models computed according
to the layer-doubling and layer-adding
method. Although the level of the net
flux measurements depends sensitively
on the calibration of the instrument, the
shape of the curve with altitude should
be well determined. Model I in Fig. [ is
the net flux computed for the case where
the particles of both modes 1 and 3 are
assumed to be sulfur, the absorption co-
éfficient being taken from Young (6). As
Young pointed out, models of this type
with sulfur present over a wide range of
temperatures are capable of reproducing
the observed albedo of Venus in the ul-
traviolet region with no other sources of
absorption. However, this model shows
only a very slight decrease in the net flux
in the upper cloud (where the data in-
dicate a decrease of nearly 30 percent)
and a decrease through the middle and
lower cloud of some 26 percent where
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the data are relatively flat. We do not see
any easy way to reconcile this model
with our measurements.

If only the large (mode 3) particles are
assumed to be sulfur, the model will not
be dark enough to match the albedo of
the planet at the shortest wavelengths.
However, if the particles of mode 2 are
allowed to have single-scattering albedos
as low as 0.92 at short wavelengths be-
cause of impurities, this problem can be
remedied. Model 1T is such a model with
only mode 3 sulfur, the albedo of the
mode 2 particles being artificially adjust-
ed to match the ultraviolet albedo of Ve-
nus. This model has more absorption in
the upper cloud than model I and very
slightly less in the middle and lower
cloud regions, but still looks very dif-
ferent compared to the data,

In model III it is assumed that only the
small (mode 1) particles are sulfur. This
time the albedo of the plant would be too
high at intermediate wavelengths (0.45 to
0.50 wm) unless the single-scattering al-
bedo of some other particles were de-
creased in this spectral region. If the al-
bedo of the mode 2 particles is adjusted
down to 0.99 at 0.47 um, the albedo can
be matched. The curve labeled model III
in Fig. 1 has a shape that qualitatively
matches the data through the cloud re-
gion. Although the levels of the curves
for the data and the model are not quite
the same, the present uncertainty in the
level of the data is at least as great as this
difference. Further, no attempt has been
made to adjust the optical depths of the
upper cloud above the region sampled by
the LCPS beyond the simple extrapola-
tion we have discussed. Thus, while re-
finements in both the LSFR calibration
and the particle size distributions and op-
tical depths deduced from the LCPS
measurements may still be forthcoming,
our data argue strongly against the possi-
bility that the large (mode 3) particles of
the middle or lower cloud can be sulfur
@).

In the region below the clouds, models
I, I1, and III all show a gentle rise due to
the slight increase in the passband of our
filters with increasing temperature. The
data, on the other hand, show a signifi-
cant decrease in the net flux in this inter-
val. Constraints on the nature of this ab-
sorption can be gained by examining the
LSFR narrowband data. The upward,
downward, and net flux measured by the
LSFR channel from 0.590 to 0.665 um
are shown in Fig. 2. Because the cloud
optical properties can be assumed to
change relatively slowly over this spec-
tral bandpass, we can invert these fluxes
for the single-scattering albedo and opti-
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cal thickness of the atmosphere as a
function of altitude if the single-scatter-
ing phase function of each atmospheric
layer is known. We have done this for
the model phase functions we deter-
mined from the LCPS data. In the cloud
region, the optical depths resulting from
the inversion of narrowband data are
rather sensitive to a number of parame-
ters (including the asymmetry parameter
of the phase function used). However,
below the clouds where the LCPS de-
tected essentially no particles, we can
safely use the Rayleigh phase function.
In this region, the inversion of the nar-
rowband LSFR data give scattering
optical depths which agree with the
Rayleigh scattering optical depths com-
puted from the gas abundances to within
about 5 percent. The single-scattering al-
bedos derived imply an optical depth for
absorption of about 0.045 in the region
below the cloud in the spectral interval
of the narrowband channels.

Since the narrowband data indicate
the absorption of some 2 to 3 W/m? be-
tween the ground and the clouds, where-
as the broadband data indicate the ab-
sorption of some 10 to 15 W/m?, the ab-
sorption cannot be confined only to the
wavelength interval of the narrowband.
If the absorption is assumed to result
‘from a very small number of dark ‘*dust”’
particles having gray absorption below

Table 1. Preliminary model of cloud structure.

T

Mode a b
(wm) 0.183 to 0.321to 0.960 to
=0183atm i atm 0.960atm  1.32atm
1 0.037* 10 4.23% 3.30 1.07 1.01
2 1.14 0.07 2.58 1.95 0 0
2! 1.65 0.0505 0 0 2.90 0.92
3 3.8 0.307 0 0 6.30 7.91
Subtotal 6.81 5.25 10.27 9.84
Total 32.17
*See (11). tSee (12).

the clouds of model III, the broadband
net flux profile would be that of model IV
in Fig. 1, qualitatively similar in shape to
the data.

Of course, it is possible that the ab-
sorption below the clouds seen in the
narrowband channel is due to a very
deep absorption that just overlaps either
the short- or long-wavelength tail of the
narrowband filter. In fact, the first re-
ports of the results of the Soviet entry
probes Venera 11 and Venera 12 indicate
the presence of an unidentified strong ab-
sorption in the lower atmosphere at
wavelengths shorter than about 0.55 pum.
It will be interesting to compare their
measurements with those from Pioneer
Venus.

We have adopted an atmosphere hav-
ing the structure of model III to compute

the solar net flux profile from 0.3 to 4.0
wum, and have used this preliminary mod-
el to scale our solar flux measurements
to planet-wide averages in order to esti-
mate the influence of our data on globally
averaged greenhouse models. We have
adjusted the net flux at the top of the at-
mosphere to correspond to effective tem-
peratures, Ty, between 230 K and 240 K.
In the thermal infrared, mode 1 particles
have negligible opacity, modes 2 and 2’
are assumed to be H,SO,, and mode 3
has been treated as a gray absorber with
an opacity in the thermal infrared that is
between 0.25 and 1.0 times the opacity of
these particles at 0.6 um. The gas opaci-
ty of CO, and H,0 are approximated fol-
lowing Pollack (8), and the water mixing
ratio below the cloud is chosen between
2 X 107* and 2 X 10~® decreasing ex-
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Fig. 1 (left). Net flux in the LSFR 0.4- to 1.0-um channel plotted %5
against altitude. The dots are the measured fluxes. In model I both - 42
mode 1 and mode 3 particles are assumed to be sulfur, which is the
only absorber. It fails to fit the data in the upper cloud region (above
58 km). In model II only the mode 3 particles are sulfur, but an addi- L . . 0

tional absorber is present in the upper cloud. Both models I and II fail Y 10
to fit the data in the lower (47.5 to 50 km) and middle (50 to 57 km)

cloud regions. In model III only the mode 1 particles are sulfur, and the absorber in the upper cloud is still present. Model IV is similar, but also
has an optical depth of gray absorbing ‘*dust’ of 0.045 between the surface and 47.6-km altitude. The fluxes sometimes rise slightly toward lower

altitudes because of broadening of the LSFR filter with temperature.
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Fig. 2 (right). Upward, downward, and net flux in the 0.590- to 0.665-um

LSFR channel plotted against altitude. The drop in the net flux above 62 km seen in this figure and in Fig. 1 is thought to be caused by a horizontal

inhomogeneity at the cloud tops.
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ponentially with atmospheric .pressure
through the clouds to 107% above 57 km.

For T, = 240 K, surface temperatures
greater than 700 K are obtained even for
our lowest opacity values. Lowering Ty
to 230 K drops the surface temperature
to as low as 675 K, but slight increases in
cloud opacity or water mixing ratio eas-
ily bring it up to the measured value. The
large cloud particles must have substan-
tial opacity (= 0.25 times their opacity at
0.6 um) in the window regions of the gas
mixture for these high surface temper-
atures to be obtained.

The transition from radiative to con-
vective equilibrium occurs in the middle
cloud (50 to 57 km). For the low opacity
case only the lower cloud is convective,
and for high opacity both the middle and
lower clouds can be convective. If the
water abundance is low enough below
the cloud bottoms, the CO, window re-
gions create a subadiabatic layer beneath
the clouds. The extent of this layer de-
pends strongly on the water mixing ratio
and for a value of 2 x 10~ it extends to
near 35 km before the atmosphere be-
comes opaque enough to become un-
stable again. It is interesting to note that
Seiff et al. (9) find evidence for a sub-
adiabatic region in this portion of the
measured temperature profile.

If the large cloud particles have in-
frared-to-visible opacity ratios as large
as 0.25, as Boese et al. (10) report, we
conclude that it is relatively easy to ob-
tain the measured high surface temper-
atures for reasonable water mixing ratios
and a globally averaged net flux profile
based on the LSFR data. For these cloud
opacity ratios, there is always a con-
vective region within the lower cloud
deck. A subadiabatic region is also prob-
able, but depends strongly on the exact
water abundance and cloud opacity used
in the model. Comparison of the mea-
sured temperature profile of Seiff et al.
(9) suggests that our cloud bottom tem-
peratures are generally on the low side if
one accepts a cloud opacity ratio of 0.25.
Increasing the net flux profile to the limit
of the probable error bar, an increase of
some 35 percent at this altitude, brings
the profiles into better agreement.

MARTIN G. ToMASKO
Ly~ R. Doosge, PETER H. SMITH
Lunar and Planetary Laboratory and
Optical Sciences Center, University of
Arizona, Tucson 85721
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Preliminary Results of the Pioneer Venus Small Probe

Net Flux Radiometer Experiment

Abstract. Net radiation measurements in the atmosphere of Venus indicate that
the bulk of the atmosphere is radiatively cooling at high latitudes and heating at low
latitudes. Similarity of features observed by all three probes indicate planetwide
stratification. Flux variations within the clouds provide evidence of significant dif-
ferences in cloud structure. A feature of unusually large opacity found near 60 kilo-
meters at the north probe site is probably related to the unique circulation regime
revealed by ultraviolet and infrared imagery. A stable layer between the cloud bot-
toms and about 35 kilometers contains several features in the flux profiles probably
resulting from large-scale compositional stratifications rather than clouds. In the
layer below 35 kilometers unexpectedly large fluxes were observed.

A small probe net flux radiometer
(SNFR) was flown on the north, day, and
night probes of the Pioneer Venus mis-
sion, sampling the atmosphere over a
wide range of latitudes and longitudes
(1). All three instruments operated suc-
cessfully from deployment down to an
altitude of 12.5 km (2), measuring the to-
tal planar net flux density (termed net
flux herein) as a function of altitude.
Since the divergence of the net flux
equals the radiative power input per unit
volume, the altitude derivative of the
SNFR measurements directly defines the
vertical distribution of radiative energy
sources and sinks which power the atmo-
spheric circulations. Also embodied in
the SNFR data is information about the
opacity structure of the atmosphere; the
measured flux profiles place constraints
on the sources of opacity—the gases and
particulates through which radiative
transfer takes place. The preliminary re-
sults of this experiment are presented
here, following a short description of
the instrument measurement charac-
teristics.

The SNFR measures the difference be-
tween upward and downward fluxes di-
rectly by means of an external sensor
with a wide field of view deployed
beyond the edge of the probe’s heat
shield. The sensor consists of a thermo-
pile-equipped flux plate protected by a
pair of diamond windows. A heater is in-
corporated to prevent condensation and
to minimize errors produced by a sensor
thermal lag relative to the atmosphere. A
sensor temperature monitor provides
data needed to correct for a temperature-
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dependent responsivity. The radiation
field is mechanically chopped by flipping
the sensor at a 1-Hz rate, thereby can-
celing thermal and electrical offsets gen-
erated by the environmental extremes
experienced in descent. Further instru-
mentation details can be found in (3).

The SNFR flux measurements spec-
trally integrate radiation in a wide band-
pass from ultraviolet to far infrared with
nearly uniform weighting at all wave-
lengths where significant net flux is pos-
sible within the atmosphere (Fig. 1). At
the north and night probe sites, where
solar radiation was absent, the SNFR
measured only planetary radiation. The
day probe SNFR measured the sum of
the net planetary and net solar fluxes.
The angular response of the SNFR,
when averaged over a complete probe
rotation, approaches the cosine response
of an ideal flat plate (Fig. 2). The error in
the SNFR fluxes due to angular and
spectral response defects is estimated to
be less than 1 percent on the basis of sim-
ulations performed with an infrared radi-
ative transfer model (¢).

The net flux measurements from all
three probes are shown in Fig. 3 with
positive values indicating net upward
flux. Note that the solar contribution to
the day probe net flux makes the total
smaller than observed at the other sites.
The altitude scale is based on data from
the small probe atmospheric structure
(SAS) experiment (5). To facilitate direct
intercomparisons with other experi-
ments, ground receipt time for each
probe is shown on inserted scales. All of
the data obtained prior to and immedi-
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