
Passive Sounding of the Venus Atmosphere 
 
Chris Jeppesen 
29 April, 2003 
 

Abstract: Avalon, a hyopthetical venus orbiter mission, is described. 
Practicality of incuding atmospheric sounding equipment is discussed. 
Characteristics of the Venus Atmosphere are described, as well as how it 
affects remote sensors. The use of SO2 as a marker for microwave 
sounding of the lower atmosphere is analyzed. Previous mission sounding 
experiments are discussed. Methods for improvement over previous 
experiments are discussed. Conclusion: It is desirable to include an 
infrared radiometer/sounder on Avalon. No satisfactory combination of 
gases and bands was found for a microwave radiometer/sounder. 

 
1. Project Avalon 
 
Avalon is a hypothetical mission to Venus designed by me and my teammates for 
ASEN5148, Spacecraft Design (Gregg et al). It will place a network of three satellites in 
an elliptical equatorial orbit about Venus, primarily as a communications relay for 
surface experiments, as well as atmosphere-borne experiments, such as balloons and 
aircraft. 
 

 
Figure 1 - Avalon Mission Orbit. Periapse altitude is 350km, and apoapse altitude is 
20000km. 
 
The primary mission of Avalon is communications relay, but some mass and power 
resources have been allocated to a limited remote sensing experiment, namely an 
ultraviolet camera. Much more space and resources are available to science, and the 
purpose of this paper is to apply what I have learned in this remote sensing class to the 



problem of sensing the Venus atmosphere, to determine what if any remote sensing 
instruments should be added to the Avalon spacecraft. Particular interest is paid to both 
infrared and microwave passive sounders. 
 
2. Venus Atmosphere Characteristics 
 
The Venus atmosphere is markedly different from that of Earth, and as the location and 
number of channels of an atmospheric sounder are determined by the nature of the gases 
present, an a priori model of the atmosphere must be used to design instruments which 
will be sensitive to the Venus atmosphere. Historical instruments were launched to look 
for particular features in the atmosphere, some of which turned out to not be present, like 
water. Avalon has the benefit of their data, and can be constructed based on a much more 
refined atmosphere model. 
 
The official Project Avalon atmosphere model is NASA SP-8011, which is a model 
atmosphere constructed from earth based sensing, spacecraft remote sensing, and probe 
direct sensing experiments up to 1972. This model has several temperature and pressure 
profiles for day and night at several points in the solar cycle, and a rough estimate of the 
gas mixture present. It is an old model, but seems to still be the current engineering 
model used by NASA. We would have liked to use the Venus International Reference 
Atmosphere, which was last updated in 1989 and referenced in many papers. 
Unfortunately the university library does not carry it. 
 
The Venus atmosphere consists primarily of CO2, 96%, with small amounts of N2, 3.5%, 
A, SO2, and other trace gases. It has a surface pressure of 90atm and a surface 
temperature of about 750K. Since the surface gravity is only slightly less than Earth (0.9g) 
this indicates that the total mass of the atmosphere is about 100x that of Earth. 
 
The atmosphere is divided into upper and lower regions by the cloud deck. This cloud 
deck is at roughly 50km altitude and between 10 and 20km thick. No holes all the way 
through the clouds have yet been observed. This cloud is composed of sulfuric acid 
(H2SO4 in concentrated solution of H2O) with droplets averaging about 1� m in diameter 
(Hansen). 
 
For reasons explored later, the lower atmosphere below the clouds is only sparsely 
measured. Houghton (p 239) claims that the lower atmosphere is more like an ocean, with 
constant diurnal temperature and low wind speeds, and not as interesting to study as the 
upper atmosphere. I believe that this is to some extent “sour grapes.” (Since there is no 
data available, there must not be anything interesting to look at anyway.) I believe that 
once the lower atmosphere is able to be remotely sensed, there will be an upswing in 
research on this layer. 
 
3. Useful channels for sounding the upper atmosphere 
 
In terms of pressure and temperature, the upper atmosphere is very similar to the Earth’s 
atmosphere starting at the surface. Pressure reaches 1atm at an altitude of about 52km, 



and temperature reaches room temperature (300K) at about 57km. Both of these altitudes 
are near the top of the cloud deck. 
 
The atmosphere is composed of almost pure carbon dioxide, so earth-bound infrared 
sounders, which mostly work off of CO2 bands, should work well at Venus. There are 
significant absorption features at 2.5� m, 4� m, which is exploited by NOAA 14 HIRS 
channels 13-16, and 15� m, which was exploited by the Pioneer Venus infrared sounder, 
as we shall see later. 
 
4. Useful channels for sounding the lower atmosphere 
 
The primary obstacle to observing the lower atmosphere is the cloud deck. There is an 
extremely large amount of CO2 in the lower atmosphere, but all infrared radiation emitted 
there is scattered by the cloud deck. This immediately suggests microwave sounding. 
 
The problem is that radiation with wavelengths long enough to escape scattering are in 
the far infrared and microwave, where neither CO2 or N2 have significant absorption lines. 
CO2 and N2 are both molecules with no permanent dipole moment, and therefore have no 
radiatively active rotation modes, where far infrared and microwave typically are active. 
 
Microwave sounding is useful on Earth, because O2 has an absorbtion band in the 50GHz 
range which can be exploited to measure the atmosphere’s temperature profile. H2O also 
is active in microwave, and its concentration can be found by sounding once the 
temperature profile is known. Unfortunately, neither O2 nor H2O are present in the Venus 
atmosphere in significant quantities. 
 
In order for microwave sounding to be useful at Venus, some gas must be found which is 
active in the far infrared or microwave. The best candidate so far is SO2, but it is present 
only in trace amounts The upper bound of SO2 concentration is currently 150ppm, as 
determined by direct measurement and lack of remote detection. 
 
To determine the usefulness of SO2 as a marker for the lower atmosphere, it is assumed 
to have a concentration of 75ppm by mass (half of present upper bound) and a constant 
mixing ratio from the surface to the cloud deck. Also it is assumed that there is no other 
emissions at the wavelengths chosen for the sounder. Weighting functions are calculated 
at the three bands examined by Suleiman, 13.3cm, 3.5cm, and 1.4cm. 
 
The weighting function is derived from the HITRAN database. The lower atmosphere is 
chopped into 1km thick layers from the surface to 60km. First, the Lorentz line profiles 
of the 534 lines of SO2 with wavelength less than 1mm are calculated at the three bands 
and summed. The pressure and temperature used for the Lorentz profiles are taken from 
the NASA 1972 model. Next, the optical depth of each layer is calculated and summed. 
After that, the transmission from the top of the atmosphere to each layer through all the 
layers above is calculated, and finally the weighting function is calculated as the 
numerical derivative of the transmission. 



 
 

Figure 2. Weighting function 
assuming 75ppm SO2.
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Figure 3. Weighting function 
assuming 150ppm SO2.
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Figure 4. Weighting function 
assuming 1500ppm SO2.
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Figure 5. Weighting function 
assuming 5000ppm SO2.
 

In both the 75 and 150ppm cases, all of the weighting function peaks are at the 
surface. This is great for measuring the surface temperature, but bad for sounding 
the atmosphere. If the assumed SO2 is 10 times the maximum which is actually 
observed, the situation improves a bit, and 5000ppm improves a bit more, but none 
are really satisfactory at these bands. Other microwave bands may have to be 
investigated, but from the calculated line profile there are no obvious other bands to 
use. It may not be possible to use SO2 as a marker gas. 



5. Historical instruments and data 
 
Mariner 2 flew by Venus in 1962 (Houghton, p242). It carried a microwave radiometer 
with channels at 13.5mm and 19mm, for detecting H2O. H2O has significant absorbtion 
bands in both channels, and the presence of water would have lowered the brightness 
temperature in the 19mm band by 100K relative to the 13.5mm band. Since there is no 
significant amount of water at Venus, the radiometer saw clear through the atmosphere 
and directly measured on both channels the surface brightness temperature. Limb 
darkening effects confirmed that these measurements were in fact of the surface and 
lower atmosphere, and not an exotic emission by the ionosphere. This was the first 
absolutely conclusive evidence of the extreme temperature of the surface of Venus. 
 
This negative detection was not a problem, and in fact proved that there was no 
significant water in the lower atmosphere, a fact which was not previously known and 
still drives much research into the evolution of the Venus atmosphere. Since this is now 
known, it is no longer useful to carry a radiometer looking for water. 
 
Many other spacecraft have flown by, orbited, and landed on Venus, including Mariner 5, 
10, and the soviet Venera series. All of these carried remote sensing equipment of various 
types, including infrared radiometers useful for sounding and ultraviolet imagers useful 
for photographing the cloud patterns. Also whenever possible, occultation experiments 
were performed. This involved the spacecraft broadcasting to Earth as it flew behind the 

planet. This radio beam was used to actively 
sound the upper atmosphere. The Venera series 
and the Pioneer Venus Multiprobe placed 
experiments in the atmosphere and on the surface 
to take direct measurements, and the Vega series 
placed balloons in the upper atmosphere. 
 
In 1978 the Pioneer Venus Orbiter arrived at 
Venus. Among other instruments, it carried the 
Venus Orbiter Radiometric Temperature-
sounding Experimet (VORTEX). This is a 
radiometer with seven channels in the infrared 
range and one in ultraviolet. There are five main 
sounding channels, scanning the 15� m CO2 band. 
This experiment was able to gather a lot of data 
from its arrival until 1992, when it was deorbited, 
but there was very little in situ data to callibrate it. 
They were able to make up for this to some extent 
with the sheer amount of data taken over the 
mission lifetime. 
 
The most recent mission to Venus was the 
Magellan mission (1990-1994), which carried a 
radar specifically designed to completely ignore 

Figure 6 – Weighting functions of 
Pioneer Venus infrared 
radiometer 



the atmosphere. No atmospheric remote sensing took place, but some direct 
measurements were taken when the spacecraft dipped into the upper atmosphere during 
its aerobraking campaign and again during its deorbit. 
  
6. Potential for improvement on historical experiments 
 
The Mariner 2 microwave radiometer was unable to detect the lower atmosphere. Instead 
it detected the surface. No other remote sensing experiment has been able to observe 
between the cloud deck and the surface. This layer of the atmosphere is only explored by 
entry probes on their way down to the surace. It still may be possible to sense the lower 
atmosphere, but not using SO2 and microwaves. 
 
The Pioneer Venus radiometer collected a lot of data, but was unable to callibrate it with 
in situ measurements. An extensive surface science campaign of the type Avalon is 
designed to support will serve to validate the profiles produced by any future radiometer. 
 
7. Instruments to be included on Avalon 
 
Avalon currently has budgeted 20kg and over 100W of mass and power to be devoted to 
science. Only 3kg and 5W are used by the NASA-provided Venus Cloud Camera. 
 
Avalon will carry an infrared radiometer similar to that of the Pioneer Venus mission, 
with multiple channels along a CO2 absorption feature to get a good distribution of 
weighting functions. This is a relatively low power, lightweight instrument which can 
easily be accomodated with no modifications to the power system or structure.  
 
It might be desirable to carry a sensitive microwave radiometer set to look at an SO2 
absorption band, but not at those bands that I investigated. If carried, it will use the 1.5m 
parabolic antenna and its own receiver active at the chosen bands. The only problem is 
that the exact amount of SO2 is still not well-known, so our instrument will have to be 
designed conservatively in order to guarantee detection of SO2 and successful sounding. 
We currently have about 100W of power which could be allocated to the microwave 
sounder. More engineering work will be needed to determine if this is enough power for 
the amplifiers to make the microwave sounder sufficiently sensitive. 
 
Since the purpose of Avalon is to relay data from surface and near-surface station, it is 
assumed that many such missions will be launched. Avalon will work together with any 
upper-atmosphere experiments like balloons or gliders which may be serviced, to gather 
in situ data points and constrain the retrieval of profiles from the sounding measurements.  
 
Avalon’s eccentric orbit allows for sounding almost from pole to pole at its apoapse, and 
extremely close views of the equatorial atmosphere at periapse.  
 



8. Further work and Conclusion 
 
It would be nice to get a copy of the Venus International Reference Atmosphere, to 
improve the quality of our model. Also, the SO2 lines used are from the HITRAN 
database, and a Lorenz profile was applied, which may not apply well to the temperature 
and pressure experienced at the Venus surface. Something like HITEMP would be useful, 
but the HITEMP database does not include SO2. 
 
I was not able to draw a conclusion on the SO2 microwave sounder. More work needs to 
be done in terms of electronic and radio engineering to determine how much power is 
needed to detect the anticipated signal, and to investigate other bands and perhaps other 
gases. 
 
Passive sounding is a valuable technique for measuring an atmosphere. Venus has been 
sounded before, but Avalon, in combination with the surface experiments it will support, 
will sound it better than ever before. 
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