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Abstract

The Pioneer Venus Orbiter Infrared Radiometer and Venera 15 Fourier Trans­ 
form Spectrometer observations of thermal emission from Venus' middle atmosphere 
between 10°S and 50°N were used to determine global maps of temperature, cloud 
optical depth and water vapour abundance. The spectral regions observed include 
the strong 15 jitm carbon dioxide band and the 45 /im fundamental rotational water 
band. The main aim of this thesis is to reconcile the water vapour abundance results 
from these two sets of observations reported in previous studies. New radiative 
transfer and retrieval models have been developed for this purpose based on new 
correlated-k absorption tables calculated with up-to-date spectral line data. The 
H2 SO4 cloud opacity and scattering properties have been recalculated from new 
refractive index data using Mie theory.

For the first time these two sets of observations have been analysed using the same 
retrieval tools. From the Pioneer Venus Orbiter Infrared Radiometer observations 

we report a high abundance of water vapour in the early afternoon at the equatorial 
cloud-top region and a strong day-night variability in the cloud-top pressure. From 

the Venera 15 Fourier Transform Spectrometer observations we report medium local 
variability in water vapour abundance, with highest values in the near-equatorial 
region and slight decrease towards the polar region.

It is found that serious constraints are placed on the validation of the retrievals 

by the lack of adequately accurate H2 SO4 optical properties data in the shorter wave­ 

lengths and by the poor vertical resolution when sensing the complex but interesting 

cloud region which prohibits its rigorous modelling. The proposed European Space 

Agency Venus Express mission will carry a number of high resolution infrared and 

UV instruments that will shed new light to the interesting question of water vapour 
abundance in Venus' middle atmosphere.
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Foreword

The work described in this thesis has been performed by myself during three 
academic years I have spent in the Atmospheric, Oceanic and Planetary Physics sub- 
department of Oxford University, starting in October 1999 and ending in September 
2002. As a personal preference and for purely aesthetic reasons, the personal 
pronoun I is not used in this thesis, even though I obviously worked on this thesis 
alone. Where it could not be avoided, the personal pronoun we is preferred instead. 
More often than not however we was used to signify that both reader and writer 
should focus their attention on a specific point or result.

The computer code used to analyse the Pioneer Venus Orbiter Infrared Radiome­ 
ter and Venera 15 Fourier Transform Spectrometer measurements is based on a rich 
deposit of FORTRAN 77 routines developed over the years by numerous members of 
the Planetary Atmospheres Group, most notably Simon Calcutt and Patrick Irwin. 
This vast library of radiative transfer analysis tools, known as Radtran, was utilised 
as a starting point only. In the following, a short summary of my precise input to 
this thesis is given.

The initial data reduction of both Pioneer Venus Orbiter Infrared Radiometer 
and Venera 15 Fourier Transform Spectrometer observations was performed by me, 
as well as the diagnostic analysis on the information content of the data and the 
confirmation on the data-reduction choices. The forward model used to simulate the 
thermal radiance emitted from Venus' middle atmosphere was adapted to Venus' 
conditions, notably to agree with temperature, cloud and optical depth require­ 
ments. I created special correlated-k tables in order to calculate the transmittance 
of the gaseous species in Venus' atmosphere. I also performed an extensive search 
for data on the H2 SO4 optical properties in the infrared range, paramount for the 
calculation of the transmittance of the H2SO4 Venus cloud. The disappointing 
realisation that no modern measurements exist for optical properties around 45/mi 
led to the necessary retrieval of correction coefficients for the cloud extinction 
parameters. The aerosol correction coefficients retrieval algorithm was written and 
executed by myself. The main retrieval algorithm I used in conjunction with the 
adapted forward model is based on the theory of another member of the Atmospheric 
Physics group, Clive Rodgers. I wrote and performed all post-retrieval error analysis 
in IDL.

The final interpretation of the results and physical explanations are my own.
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Chapter 1

Introduction

Water vapour is an important constituent in Venus' atmosphere, not because of its 

high abundance levels but rather because of its radiative qualities which make it 

the second most effective greenhouse gas in the planet's atmosphere. Phillips et al. 

(2001) report that if all 30 ppm of water were removed from the atmosphere of 

Venus, the surface would cool by 68.8 K, if one could ignore the effects of the clouds 

for the purposes of the argument. As a result of its importance, there exists an 

abundance of Earth-based, spacecraft and in situ studies investigating the amount, 

origin and role of water vapour in Venus' atmosphere. Most latitudes, longitudes and 

atmospheric layers have been covered in these studies but a consensus has not been 

reached on neither the absolute abundance nor on the distribution of the species. 

Differences between experimental and analysis techniques used have attributed to 

this fact, alongside the variability of the constituent itself in the atmosphere.

In this work the efforts undertaken to analyse jointly the Pioneer Venus Orbiter
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Infrared Radiometer Experiment (PV OIR ) and Venera 15 Fourier Transform Spec­ 

trometer (Venera 15 FTS) water vapour observations are presented. Although 

extensive work has already been successfully performed in retrieving temperature, 

cloud optical depth and water vapour mixing ratio as a function of altitude from 

these two datasets, it is believed that there exists plenty of room for improvement. 

New radiative transfer models, retrieval techniques and molecular line databases 

available nowadays will improve the analysis, and the novel approach in co-studying 

two different satellite measurements is bound to bring new insights and ideas to the 

water vapour abundance question. The main purpose of this thesis is to re-analyse to 

the PV OIR and Venera 15 observations with the most appropriate contemporary 

tools and present a comprehensive global map for the water vapour abundance in 

Venus' middle atmosphere profiting from the spatial resolution of the PV OIR data 

and the spectral resolution of the Venera 15 data.

In the following, a short introduction to the world of Venus and its atmosphere is 

presented, discussing the major basic facts about the planet, its general character­ 

istics and its atmosphere. Since this is the introductory chapter, precise references 

are not usually given but most information can be found in Venus, 1983, and Venus 

//, 1997, edited by S. W. Bougher, Hunten, D. M. and Phillips, R. J., Space Science 

Series, University of Arizona Press. In the end of this chapter, an outline of the 

remainder of the thesis is given.
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Orbital and Rotational Data
Mean distance from Sun [A.U.]

Eccentricity
Obliquity [°]

Orbital Period [Days]
Sidereal Period [Hours]

Solar Day [Days]
Solid Body Data

Mass [1024 kg]
Radius [km]

Surface Gravity [m s~2 ]
Atmospheric Data

Composition
Mean Molecular Weight

Mean Surface Temperature [K]
Mean Surface Pressure [Pa]

Mass [1016 kg]

Venus

0.723
0.0068

2.6
224.701
5832.24
116.75

4.870
6051.5

8.60

See Table 1.2
43.44
730
92

47700.

Earth

1.000
0.0167
23.45

365.256
23.9345

1

5.976
6378 [6357]

9.78

28.98
288

1
530.0

Mars

1.523
0.0934
23.98

686.980
24.6229
1.0287

0.6421
3398
3.72

43.29
220

0.007
1

Table 1.1: Main characteristics of three terrestrial planets; Venus, Earth, Mars.

%
Carbon Dioxide

Nitrogen
Oxygen
Argon

Water Vapour
Sulphur Dioxide

Carbon Monoxide

Venus

0.965
0.035
~ 0

0.00007
~ 0.0001
0.00015
0.00004

Earth

0.0003
0.77
0.21
0.01

~ 0.01
0.2 ppb

0.12 ppm

Mars

0.95
0.027
0.0013
0.016

~ 0.0003
~ 0

0.0007

Table 1.2: Composition of the terrestrial planetary atmospheres; Venus, Earth, 
Mars, in percent fraction per unit volume.
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1.1 The Planet Venus; A General Introduction

Venus is Earth's closest neighbour, the second rock from the Sun. Considered Earth's 

twin for many decades, Venus must have been separated at birth as she exhibits 

almost no Earth-like characteristic other than a similar mass and radius. Her small 

obliquity insures that no seasons affect her rocky surface where the temperatures rise 

to 500°C with an associated pressure 90 times that of the Earth's. Her atmosphere 

is composed almost solely of carbon dioxide and is enshrouded by sulphuric acid 

clouds that contribute greatly to the runaway greenhouse effect that causes the high 

temperatures on its surface. These clouds also do not allow a direct view of the 

surface; until the first UV telescope turned its curious eye on her, the complicated 

patterns created by the cloud motions were thought to belong to the planetary 

surface.

In more detail, Venus belongs to the family of terrestrial planets, alongside Earth, 

Mars and Mercury. Known since ancient times due to its brilliant colour, brightness 

and unusual appearances in the sky, Venus is a planet similar to the Earth in mass 

and radius but has no moon and no magnetic field shielding it from cosmic rays and 

solar winds. Venus' obliquity is only 2.6°, compared to ~24° of the Earth and Mars 

and orbits in the prograde direction about the Sun in a nearly circular orbit every 

224.7 Earth days. Her rotation relative to the stars, the sidereal motion, is retrograde 

every 243.01 Earth days. If the Sun could be seen from the surface of the planet, it 

would make roughly one complete circuit of the Venusian sky in half a Venus year. 

Hence, the length of the Venus day, also known as the solar day, is 116.75 Earth
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days. The solar day is calculated as follows: (1/224.7+1/243.01)" 1 = rsoiar . Hence, 

one Venus year contains 1.925 Venus days. With respect to its relative position to 

the Earth, the Venus-Earth system realises a complete cycle in 583.92 Earth days, 

known as the sinodic period.

From the above basic numerical facts, a very interesting coincidence arises: the 

sinodic period is almost | of the terrestrial year, as | 583.92 = 364.95. l In simple 

terms, this means that every eight Earth years, Venus will complete five of her 

cycles and present the same face to the Earth again. It is thought that this "five- 

to-eight" resonance has its origins in the times of creation of the solar system when 

planetesimals collided and formed planets.

Since Venus is closer to the Sun than the Earth, the planet shows phases when 

viewed with a telescope; sometimes it appears as a crescent, others half-illuminated 

and others nearly full. Galileo Galilei's (1564-1642) astounding observation of this 

phenomenon in late 1610 was the first irrevocable piece of important evidence in 

favour of Copernicus's heliocentric theory of the solar system. As an inferior planet 

Venus revolves around the Sun faster than the Earth. And as the two planets are 

moving in the same direction around the Sun, Venus appears for a few months in 

the early morning, some hours before sunrise, then disappears only to be seen as a 

bright moon-like object emerging after sunset for a further few months before she 

disappears again. And when she re-appears in the early morning, one Venus cycle 

has been completed and the next one begins. Venus was thus given two names by the

x To be precise, the terrestrial year is 365.24 days which explains the use of the word "almost". 
However, this only amounts to a discrepancy of two every 2,920 days.
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1.1 The Planet Venus; A General Introduction

Figure 1.2: Colour-coded topographic map of Venus from Magellan radar observations. 
Aphrodite Terra appears as the bright feature along the equator with an area the size of 
South America (NASA.)

ancient Greeks to honour her double appearance in the celestial sphere: "Eosforos", 

the dawn bearer and "Hesperos", the evening star.

The main orbital and solid body characteristics of the three terrestrial planets 

that retain an atmosphere are given in table 1.1 for easy comparison and reference. 

Also tabulated are the atmospheric data, which will be discussed more analytically 

in section 1.2.

Venus was explored by a fleet of American and Soviet spacecraft starting with 

Mariner 2 in 1962, the first successful spacecraft to fly-by Venus, up to the Magellan 

orbiter in 1990, which produced global detailed maps of Venus' surface using radar 

mapping, altimetry and radiometry techniques with a resolution of ~100 m. In
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between, more than twenty missions have explored Venus, including the Soviet 

Venera 7 in 1970 which was the first spacecraft to land on another planet, Venera 

9 in 1975 which returned the first photographs of the surface and the American 

Pioneer Venus Orbiter in 1978 which carried seventeen atmospheric environment 

experiments and four entry probes.

In figure 1.1, photographs of Venus' surface taken by the Venera 13 lander in 

1982 are shown. Flat rocks and a barren environment seem to be the landscapes of 

our neighbouring planet. Magellan's observations further revealed that the surface 

of Venus is mostly covered by volcanic materials. Volcanic surface features, such 

as vast lava plains, fields of small lava domes and large volcanoes are common. A 

colour-coded composite of these observations is shown in figure 1.2. The planetary 

elevation is calculated over the mean radius of the planet, 6050 km. Venus has 

two major continents, Aphrodite Terra and Ishtar Terra, which occupy only a few 

percent of the total surface area. Aphrodite Terra, seen in figure 1.2, is a long, 

narrow area which stretches over 150° in longitude and contains a few peaks higher 

than 8 km. Ishtar Terra contains the highest elevation region, Maxwell Montes, 

around 65°N which rises to altitudes of 10.5 km above mean planetary radius. The 

remainder of the surface of Venus is covered mostly by volcanic materials. Although 

Venus has a dense atmosphere, the surface shows no evidence of substantial wind 

erosion, and there has been only slight evidence of limited wind transport of dust.
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Figure 1.3: M. V. Lomonosov (1711-1765), the discoverer of Venus' atmosphere.

1.2 The Atmosphere of Venus

On June 6, 1761, at the University Observatory of Saint Petersburg, Russia, Mikhail 

Lomonosov (1711 - 1765) observed a transit of Venus, a rare passage of the planet 

directly in front of the Sun. He was able to get a fairly good measurement of Venus' 

diameter and found that it was very similar to the Earth's. But the edge of Venus' 

disk, instead of appearing sharp, as he had expected, was fuzzy and indistinct, and 

a grey halo surrounded the planet. Disappointment must have turned to wonder as 

he realised the true source of his annoyance; he had discovered the atmosphere of 

Venus. In his own words, he had found evidence of "an atmosphere equal to, if not 

greater, than that which envelops our Earthly sphere".

The atmosphere of Venus is composed of CO2 (96.5%) and N2 (3.5%) with a 

number of trace gases like H2 O, CO and SO2 in the parts per million scale. As such,
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it resembles the atmosphere of Mars which is also made of CO2 and N2 and is very 

different from the terrestrial atmosphere where N2 and O2 play the leading part. 

The composition of the atmospheres of the three planets is tabulated in table 1.2. 

The surface pressure on Venus is ~90 atmospheres and the temperature around 

750 K, making its atmosphere much heavier that either that of the Earth or Mars. 

This high surface temperature cannot be explained purely on the basis of its closer 

proximity to Sun, which gives Venus about twice the solar radiation flux than the 

Earth, and thus stronger heating. It has been long established that the planet suffers 

from a massive greenhouse effect due in part to its cloud coverage, as will be seen 

in section 1.3.

The atmosphere of Venus may be divided into three natural regions, a tropo­ 

sphere (surface to 60 km), a mesosphere (60 to 90 km) and thermosphere (above 

90 km). On Earth we find a troposphere (surface to 12 km), a stratosphere (12 

to 45 km), mesosphere (45 to 85 km) and, as on Venus, a thermosphere (above 

85 km). Vertical profiles of temperatures on Venus and Earth as a function of 

pressure at 30°N latitude, as measured by the Pioneer Venus OIR and Nimbus 7 

spacecraft respectively, are shown in figure 1.4. Throughout the troposphere and 

mesosphere the temperature decreases with height, from around 740 K to 100 K 

on Venus and from 280 K to 210 K on Earth. No temperature inversions can be 

seen since UV absorbing species that cause the Earth's stratosphere do not exist 

in Venus' CO2 dominated atmosphere. On Venus' dayside the temperature above 

85-90 km rises to an exospheric value of around 300 K due to solar EUV absorption
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1.2 The Atmosphere of Venus___________________________12

and therefore behaves like the thermosphere on Earth, where temperatures rise from 

around 180 K to around 1000 K. The nightside upper atmosphere on Venus differs 

from that on Earth in that Venus' slow rotation period causes solar heating to be 

absent for far too long to maintain the high temperatures found on the dayside. 

Night side temperatures on Venus' thermosphere above 85-90 km in fact do not rise 

above 100 K, hence giving it the name "cryosphere" ("sphere of cold" in Greek.) 

The Venus temperature structure above the clouds and the thermosphere/cryosphere 

region is shown in figure 1.5 as observed by three Pioneer probes and Venera 11 and 

12.

Due to its slow rotation rate and its obliquity, the troposphere of Venus is almost 

isothermal in equatorial and middle latitudes. Near the poles of Venus, starting at 

60° N, a long-lived dramatic instability occurs, known as the "polar collar'", which 

takes the form of a ribbon of very cold air about 10 km deep and 1000 km in radius, 

centred on the pole. Inside the polar collar temperatures are about 40 K cooler than 

outside the feature. Poleward of the inner region of the collar lies the "polar dipole", 

a feature consisting of two well-defined warm regions circulating rapidly around the 

pole with a period of 2.7 days. So far, it has been extremely difficult to physically 

model either one as a predictable feature of the atmosphere, even though they are 

highly stable features and have been observed by a number of spacecraft.



1.3 The Sulphuric Acid Clouds of Venus____________________13

1.3 The Sulphuric Acid Clouds of Venus

Engulfing our neighbouring planet completely and all the time, sulphuric acid clouds 

have played a key role in the evolution of the planet and its atmosphere. Venus is 

covered by one global cloud layer whose main constituent is the strong aqueous 

solution of sulphuric acid, H2 SO4 -H2 O, which is formed from the photochemical 

combination of H2 O and SO2 near the cloud tops2 . The cloud layer is very opaque 

at visible and infrared wavelengths and reflects back ~80% of the solar incident 

radiation, absorbing more than half of the rest. The ~2.5% of the original sunlight 

that reaches the surface has an orange-coloured hue as the blue and violet colours 

have been absorbed by the clouds.

The main cloud layer of Venus spans from 50 km altitude to an upper boundary 

near 65 km, with haze layers expanding down to 30 km and upwards to 70 km, 

as seen in figure 1.6. Earth-based polarimetry experiments (Hansen and Honevier, 

1974) showed that the cloud particles are spherical droplets, with an effective radius 

of ~ l//m. The cloud optical thickness of unity was found in these studies to 

occur at a pressure of ~ 50 mbars (~ 68 km) around 1 //m wavelengths. Mie 

scattering theory (Hansen and Travis, 1974) was used to model the optical properties 

of the Venus cloud. From the precise limits of the observed refractive index, it was 

confirmed that it is composed of concentrated sulphuric acid droplets containing 

between 75% and 90% H2 SO4 . The yellow colour of the clouds is attributed to 

sulphur, whereas it has lately been postulated that the unknown UV-blue absorber

2 For the remainder of the thesis the aqueous sulphuric acid solution the Venus clouds are made 
of will be referred to as the "H2 SO4 cloud" for simplicity.
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Table 1.3: Clouds in the terrestrial planets; Venus, Earth, Mars.

that has puzzled scientists since the Pioneer Venus times is disulphur monoxide, 

S2 O (Na and Esposito, 1997).

The similarities and differences of the clouds found in the three terrestrial planets 

have been summarised in table 1.3. Further to their omnipresence, the Venus clouds 

are orders of magnitude thicker than the terrestrial or Martian ones blocking the 

view of the surface to all but radio wavelengths. Water plays a role in all three 

cloud compositions, being the major constituent in Earth's atmosphere, a minor 

constituent in Mars' atmosphere and locked in the sulphuric acid droplets that 

mainly compose Venus' clouds. The main production process is chemistry for Venus' 

H2 SO4 clouds and condensation for Earth's and Mars' H2 O clouds. For the case 

of Mars, a second source of cloud exists in the form of dust which is lifted in the 

atmosphere through violent storms that frequently plague the planet. The variability 

of Venus' clouds is insignificant and incomparable to the daily variability of the

Earth's clouds and the yearly variability of Mars' clouds.
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Figure 1.6: Vertical structure of the Venus cloud system as in Knollenberg and Hunten 
(1980). The above data represent direct computations from the Cloud Particle Size 
Spectrometer (LCPS) on board the Sounder probe during the Pioneer Venus mission. 
A density of 2 g cm~3 was assumed for the mass loading computations.

In terms of a detailed vertical structure of the Venus cloud system, the Cloud 

Particle Size Spectrometer (LCPS) on board the Pioneer Venus Sounder probe has 

provided us with excellent in situ measurements. The actual amount of cloud 

droplets in the atmosphere is given by the mass loading of the atmosphere which 

is shown as the rightmost curve of figure 1.6. The first 30 km of the atmosphere 

are composed of clear CO2 air, with the thin haze extending upwards until the 

altitude where the temperature drops to ~400 K and pressures of ~1 atmosphere

and the atmosphere is able to sustain H2 SO4 droplets. Then, between 44 and 48 km
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altitude, a four orders of magnitude increase in the density of the cloud defines the 

beginning of the main cloud deck which extends upwards to 65 km altitude. Above 

that altitude, another haze layer spans a further 10 km. Vertical mixing from below 

the main cloud layer enriches it with sulphur dioxide and water. At the region of 

the cloud top a thin, but highly active photochemically layer exists and is the main 

production region of the sulphuric acid droplets. A three-dimensional cartoon of the 

cloud structure in Venus' atmosphere is shown in figure 1.7, viewed from an artist's 

perspective.

Figure 1.7: The Venusian Sulphur Cycle, by Carter Emmart, as seen in Grinspoon (1997). 

This cartoon demonstrates the complexity of photochemistry at work within the cloud 

layers.
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1.4 Winds on Venus

Unlike the Earth's lower atmosphere, which is mainly driven from below by absorp­ 

tion of sunlight at the surface, Venus' atmospheric circulation is largely driven from 

above by the absorption of sunlight within and above the upper cloud layer. The 

cloud cover has a important influence on the atmospheric circulation by controlling 

the amount and distribution of solar energy absorption (Schubert, 1980).

One of the least explained phenomena of atmospheric circulation on Venus is 

its zonal retrograde super-rotation; the entire atmosphere, above the lowest scale 

height, extending upwards to >90-100 km, participates in the global super-rotation 

which was first observed in Earth-based ultraviolet pictures of the planet. The large- 

scale albedo feature known as the "dark horizontal Y" was observed to re-appear 

approximately every 4 Earth days, indicating a zonal rotation of the cloud level 

atmosphere with equatorial wind speeds of about 110 m s" 1 , which is considerably 

faster than the rotation speed of the planet at the equator of 2 m s" 1 . This super- 

rotation is only known to exist in the atmospheres of two solid body planets of 

our solar system, Venus and Saturn's largest moon, Titan. In the case of Venus 

the super-rotation is thought to reach the lower thermosphere, up to an altitude 

of around 100 km. At the cloud altitudes the wind speed and characteristics have 

been inferred from feature tracking in ultraviolet images of Mariner 10, Venera 9, 

Pioneer Venus etc. Above the clouds, in the absence of diagnostic features, analysis 

of Doppler shifts of selected molecular lines have procured further wind information. 

In figure 1.8, averaged retrograde zonal wind velocities are shown as measured by
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experiments on board the Mariner 10 and Pioneer Venus satellites. The wind is 

maximum over the equator with speeds of ~ 100 m s" 1 and drops off evenly towards 

the poles. The solid curve represents the predicted zonal wind calculated for solid 

body retrograde rotation.

Figure 1.8: Longitudinally averaged retrograde zonal wind velocities vs latitude, inferred 
from tracking of small-scale cloud features from ultraviolet images of Venus. Triangles, 
Pioneer Venus, by Rossow et al. (1980); circles, Mariner 10, by Limaye and Suomi 
(1981); squares, Mariner 10, by Travis (1978). The solid curve is the zonal wind velocity 
calculated for solid body retrograde rotation with equatorial speed of 92.4 m s" 1 . Adapted 
from Schubert (1980).

To date, the only large scale model describing the circulation of Venus' atmo­ 

sphere is the Venus Thermosphere General Circulation Model (VTGCM) (Rougher 

et al., 1988). While results from the VTGCM have been very useful in comparing 

terrestrial planetary thermospheres, its lower boundary lies at 95 km altitude, well 

above the region of interest for the distribution of water vapour. Further modelling 

is being prohibited by the inability to identify a suitable physical mechanism that
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explains the cloud-top super-rotation. One interesting result from the simulations 

which is of potential relevance to the water vapour question is that solar conditions 

(both with respect to seasons on Venus and with respect to solar activity) do not 

affect the temperature structure on Venus below the homopause level at ~135 km 

altitude (Rougher and Roble, 1991).

1.5 Overview and Main Aim of this Thesis

In chapter 1, the general characteristics of the planet Venus and its atmosphere have 

been reviewed. After this brief introduction, the previous water vapour abundance 

observations and the exact problem this thesis will try to tackle are presented and 

discussed in chapter 2. In chapter 3, the details of the two different satellites and 

instruments used in this study are discussed thoroughly. Chapter 4 contains all the 

mathematical and computational background necessary to analyse the observations 

and resolve the problem, leading into chapter 5, in which the results from the new 

analysis are presented. In chapter 6, a number of different physical explanations 

are put forward in order to verify the observations and in chapter 7 the tentative 

conclusions of this work are summarised.

The main aim of this thesis is to analyse jointly the PV OIR and Venera 15 ob­ 

servations with new retrieval tools and validate the existence of a local water vapour 

enhancement in the early afternoon region of the equatorial Venus atmosphere, 

observed by the PV OIR instrument. A further aim is to bridge any disagreement 

in the results of the two experiments announced in previous studies and give a
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qualitative physical explanation of the retrieved temperature, cloud top pressure 

and water vapour abundance global maps.



Chapter 2

Water Vapour in Venus' Middle 

Atmosphere

In order to place the re-analysis of PV OIR and Venera 15 data in a global context, 

other water vapour abundance observations and analytical studies are presented 

and discussed in this chapter. Earth-based, in situ and fly-by studies have yielded 

a plethora of different absolute water vapour abundances and distributions with 

altitude, latitude and longitude. Even though Janssen and Klein (1981) derive an 

upper limit of 3000 ppm for water vapour abundance from brightness temperature 

observations near the 1.35 cm wavelength, there seems to be no consensus as to 

what the lower limit might be.

21



2.1 Remote sensing measurements from the Earth 22

2.1 Remote sensing measurements from the Earth

Earth-based measurements of water vapour on Venus were rendered very difficult 

for many decades due to interference by the absorption of terrestrial atmospheric 

water vapour. Unusual and extremely dry conditions are required to obtain such 

measurements. A surface temperature of -15°C and r^O abundance in the Earth's 

atmosphere of less than 400 prp,m (precipitable microns) 1 are now considered good 

atmospheric conditions for such studies (Encrenaz et al., 1995). Even so, a number 

of observations of the lower atmosphere of Venus had already been completed in the 

pre-1975 era using both airborne and ground-based Fourier spectrometers. These 

measurements are presented in table 2.1 and refer to water vapour content above 

the Venus clouds. The altitude these observations were made is given in the second 

column of the table. The observations of the full disk yield on average an order of 

magnitude less water vapour than the partial coverage ones (von Zahn et al., 1983). 

This is attributed to the fact that the full disk measurements average out possible 

wet spots (Barker, 1975b).

Recent Earth-based studies were performed using the observational powers of 

the Canada-France-Hawaii FTS telescope to record high-resolution near-infrared 

spectra of the night side of Venus (Bezard et al., 1990), the IRAM radio telescope 

in Pico Valeta, Spain, to detect the 1.327 mm line of HDO (Encrenaz et al., 1991), 

the IRTF telescope at Mauna Kea Observatory to probe into the 1.27 and 2.3

1 A precipitable micron is a unit of column-integrated water density. 1 pr /mi is equal to 10~ 4 g 
cm"2 which is equal to 3.34611   1018 molecules cm2 of H2 O. To convert to parts per million ppm 
a total atmospheric density profile is required. For Venus, it can be assumed roughly that 1 pr 
/mi=2 ppm.
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thermal emission windows (Bell III et al., 1991), to name but a few such studies. 

For the extended observations catalogue refer to table 2.2 where a complete list of 

measurements, region of Venus observed and consequent water vapour abundance 

results is presented.

2.2 Remote sensing measurements from Satellites

Mariner 2, launched on August 27 1962, was the first spacecraft to flyby another 

planet on December 14, 1962 when it passed within 34,833 kilometres from the 

surface of Venus. Since then, Venus has been visited by more or less twenty 

spacecraft which carried an assortment of experiments primed to study water vapour 

abundance. Two fly-by missions are particularly remarkable for their water vapour 

findings; the infrared radiometer experiment on board Mariner 10 that measured 

limb darkening curves of Venus' upper atmosphere in the 11.5 and 45 /im spectral 

region (Taylor, 1975) and the Near Infrared Mapping Spectrometer, NIMS, which 

observed the 1.18 /im spectral window during the Galileo fly-by (Drossart et al., 

1993). The results from these two missions are presented in table 2.4. The results 

from the two main satellite water vapour abundance experiments, the PV OIR and 

the Venera 15 FTS, are discussed in the separate section 2.4.
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Table 2.3: Vega 1, 2; Water vapour measurements (Surkov et al., 1986)

2.3 In Situ measurements

The most impressive studies of Venus' atmosphere, technology-wise, are undoubtedly 

the descent probes and balloons that have braved the hostile territory with a number 

of different experimental techniques in order to measure water vapour in situ. A 

selection of these studies is described below:

The Pioneer Venus (P V) Large and Sounder probes both carried a neutral 

mass spectrometer to study, among other species, the water vapour abundance 

during their descent through the sulfurous clouds (Hoffman et al., 1983; Donahue 

and Hodges, 1993) and a gas chromatograph mounted on the P V Sounder probe 

further measured the chemical composition of the atmosphere in three distinct 

altitudes (Oyama et al., 1980). Spectrometers on board the Venera 11, 13 and 14 

descent probes recorded spectra of sunlight penetrating into the lower atmosphere 

of Venus (Ignatiev et al., 1997), a gas-chromatograph on board Venera 13 and 

14 measured an important number of minor atmospheric constituents including 

water (Mukhin et al., 1982), humidity measurements were obtained from using 

an electrolytic sensor on Venera 13 and 14 (Surkov et al., 1982) and the spectral 

and angular distribution of solar radiation scattered in the Venus atmosphere was
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observed by Venera 13 and 14 (Moroz et al., 1982). Last but not least, the Vega 

1 and 2 balloons carried a hydrometer mounted on their landing rings. Humidity 

measurements were carried out successfully for their 40 hours long journey (Zasova 

et al., 1996). The extended list of satellite and in situ results is presented in table 2.4.

Woter Vopour Abundance Studies _____

Figure 2.1: Water vapour abundance in Venus' atmosphere vs altitude. The plot is colour- 
coded as follows: fly-by missions are in green, in situ studies are in red, satellite results are 
in black and Earth-based observations are in blue. In detail: Red-filled dotted squares right- 
slanted: Moroz et al. (1982), red long-dashes line: Oyama et al. (1980), red solid lines: Moroz et al. 
(1979a), Young et al. (1984), red dash-triple dotted lines: Donahue and Hodges (1992), Donahue 
and Hodges (1993), red-filled squares left-slanted: Revercomb et al. (1985), red-filled square right- 
slanted: Surkov et al. (1982), red solid filled square left-slanted: Mukhin et al. (1982), blue dash- 
dotted line: Bell III et al. (1991), blue dashed lines: Encrenaz et al. (1995), Encrenaz et al. (1991), 
blue solid lines: Pollack et al. (1993), Crisp et al. (1991a), Bezard et al. (1990), blue dash-triple 
dotted line: Meadows and Crisp (1996), blue dotted line: de Bergh et al. (1995), green-filled square 
right-slanted: Taylor (1975), green-filled square left-slanted: Drossart et al. (1993), black-filled 
square left-slanted: Moroz et al. (1990), black dotted line: Ignatiev et al. (1997), black-filled square 
right-slanted: Ignatiev et al. (1999), black dashed line: Schofield et al. (1983)[night-side], black 
dash-dotted line: Schofield et al. (1983)[day-side].

An attempt to visualise the disagreements between the different post-1975 ob­ 

servational methods is presented in figures 2.1 and 2.2. In figure 2.1, the variation
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of water vapour abundance \pprn] with altitude [km] is shown. This figure is colour- 

coded as follows: fly-by missions are in green, in situ studies are in red, satellite 

results are in black and Earth-based observations are in blue. The Earth based 

observations (blue colours) suggest a constant water abundance below the cloud 

region, with severe depletion in the main cloud deck and a minimal value above that 

altitude. The Venera 11, 13, 14 and Vega 1, 2 (red colours) observations point to a 

constant water abundance below the clouds with a distinct source of water vapour 

in the main cloud deck, followed by depletion over the cloud tops. The experiments 

on board the Pioneer Venus Satellite and Probes (black and red colours) seem to 

agree in principal to the rest of the in situ studies; a constant profile up to the 

cloud deck, with strong enhancement within and above the cloud region and steady 

decline above that altitude. In short, most studies point to a column abundance 

value between 10 and 200 ppm, with a much bigger spread in the main cloud deck 

region (40 to 65 km altitude) between 1 and 5000 ppm. It is wise to note here that 

in both Earth-based and space-born studies the error bars quoted are wide enough 

not to allow a more precise interpretation of the data.

In figure 2.2, the relationship between spectral region investigated [//m] and 

water vapour abundance \ppm] retrieved is examined. Although it is true that longer 

wavelengths do not probe as deeply into the atmosphere of Venus as shorter ones and 

hence a different abundance is expected from such studies, e.g. from Encrenaz et al. 

(1991), a closer agreement between results was expected for the 0.2 to 1.2 //m region. 

This figure is colour-coded as follows: in situ studies are in red, satellite results are
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Figure 2.2: Variation of water vapour abundance with spectral region investigated. This 
figure is colour-coded as follows: in situ studies are in red, satellite results are in black and 
Earth-based observations are in blue. Blue-filled squares: Meadows and Crisp (1996), Crisp 
et al. (1991a), Bezard et al. (1990), Drossart et al. (1993), de Bergh et al. (1995), blue solid 
lines: Encrenaz et al. (1995), Encrenaz et al. (1991), red-filled squares left-slanted: Moroz et al. 
(1982), red dash-dotted line: Young et al. (1984), black-filled dotted square: Moroz et al. (1982), 
black-filled left-slanted square: Ignatiev et al. (1999), black-filled right-slanted square: Irwin (1997).

in black and Earth-based observations are in blue. Some of the measurements shown 

in figures 2.1 and 2.2 are placed on a map of Venus shown in figure 2.3. The most 

important and relevant to this work measurements have been located on this square 

map of Venus. The coverage of the PV OIR and Venera 15 instruments is presented 

separately in chapter 3. As can be noted, the globe has been relatively well covered 

at low latitudes, with most equatorial regions viewed by more than one type of

instrument or technique, and less well covered at polar latitudes.
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Figure 2.3: Global coverage of Venus' disk by spacecraft and Earth-based studies. By 
"solar longitude" we mean that 0°E, 0°N represents the sub-solar point. Black diamonds: 
Venera 11, 13 and 14, red diamonds: Vega 1 and 2, red square: Bezard et al. (1990) red left-slanted 
lines: Galileo fly-by, red right-slanted squares: Bell III et al. (1991), little blue squares; de Bergh 
et al. (1995), blue right-slanted slabs: Crisp et al. (1991a); green diamonds: Pioneer Venus Probes, 
green left-slanted slabs: Meadows and Crisp (1996), green right-slanted square: Encrenaz et al. 
(1991) and Encrenaz et al. (1995).

In conclusion, the results from the Earth-based observations, summarised in 

table 2.2, point to a constant average value of 30±15 ppm between 0 and 40 km 

with steady decrease above that altitude. On the other hand, from the satellite 

and in situ studies shown in table 2.4, one can infer a steady increase in absolute 

abundance which peaks in the cloud region to 200±100 ppm and a constant decrease 

above 60 km.
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2.4 Remote sensing measurements from PV OIR 

and Venera 15

Pioneer Venus Orbiter Infrared Radiometer

As the scope of this work is to analyse jointly the PV OIR and the Venera 15 

spectra, the results from the primary analyses of both these observations are briefly 

reproduced in the following two sections.

The first comprehensive analysis of the PV OIR data which focused on water 

vapour retrievals, after the initial report by Taylor et al. (1980), was performed 

by Schofield et al. (1983). The variation with latitude and longitude2 of water vapour 

column amount [pr /irn], cloud top pressure [mbars], cloud top temperature [K] and 

temperature at 70 mb (~65 km) [K] as derived from far-infrared measurements, 

for the altitude region 50 to 120 km, is shown in figure 2.4. The figure shown is 

a composite plot of results reported in Schofield et al. (1983). The PV OIR data 

were averaged in bins of 10° in latitude and 30° in longitude. Water vapour column 

abundance was shown to increase slowly during the day but remains approximately 

10-15 pr fjim except in the region euphemistically known as wet spot. This spot 

was found by the investigators to be centred on mid-afternoon and asymmetric, 

decreasing more rapidly downwind. In addition, the cloud top pressure was shown to 

decrease (equivalent to a cloud top height increase) in parallel with the water vapour 

maximum, reaching its lowest of 80 mbars just before the evening terminator. Even

2 In this and subsequent chapters, the term "longitude" will always refer to "solar longitude".
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though these results have been considered controversial in the past, it is evident from 

table 2.4 that they are by no means unreasonable or beyond the range predicted by 

similar satellite studies. A retrieved water vapour day-night variation from the same 

study has also been shown in figure 2.1, as the black dash (night-side) and dash-dot 

(day-side) lines.

Venera 15 Fourier Transform Spectrometer

Moroz et al. (1990) reached some key conclusions with their preliminary analysis 

of the Venera 15 on-board3 data: in the 58 to 62 km range the water vapour 

abundance was found to have a mean of 20 ± 10 ppm: with local point-to-point 

variability reaching a factor of five but without any day-night variations. In their 

subsequent analysis, Ignatiev et al. (1999) conclude that the large scale variation 

in water vapour abundance is not constant and varies from 1 to 20-30 ppm, with 

most measurements falling into the limits of 5-15 ppm. Furthermore, Ignatiev et al. 

(1999) report day-night variations of one order of magnitude, with the maxima and 

minima located around 30° and 210°E. They also report, from the on-board data, 

an increasing mixing ratio with increasing latitude, which is taken as an indication 

of the negative vertical gradient of the mixing ratio profile (shown in figure 2.5(2)). 

They hence conclude in a decrease of water vapour abundance with altitude, but 

they also note that this feature could equally be due to the change of latitude during

3 The Venera 15 dataset is presented extensively in section 3.2. Suffice it here to note that there 
exist two modes of processing the Venera 15 measurements and those are referred to as "on-board" 
and "on-Earth".
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the observations. The results from the on-Earth processed spectra (figure 2.5(i)) and 

from a special viewing session of on-board spectra (figure 2.5(3)) point to an average 

water vapour abundance in the region of 5-25 ppm.

2.5 Synopsis

In this section an extensive presentation of all the different instrumental, experimen­ 

tal and computational analysis techniques found in the literature of Venus' water 

vapour abundance was completed. The main intention behind this presentation was 

to place the wet spot observed by Schofield et al. (1983) and the Ignatiev et al. 

(1999) observations in context with other similar studies.

One can safely state that the idea of high spatial and temporal variability in water 

vapour column abundance is not completely unheard of; Barker (1975b) openly 

mentions wet spots, Revercomb et al. (1985) observed enhanced amounts of water 

vapour in the sub-solar point, Moroz et al. (1990) report latitude dependence and 

quote that "local point to point variability could achieve a factor of 5" and Bell III 

et al. (1991) actually observed hot and cold spots and radiances that changed by 

50-65%. The scientific community throughout the years have agreed to disagree 

both on the magnitude, source and variability in water vapour. Long term studies, 

such as the ones presented by Encrenaz et al. (1995) explicitly comment on annual 

fluctuations while others are apprehensive of the fact that the error estimates them­ 

selves do not permit a more precise conclusion to the issue; Drossart et al. (1993) 

quote no latitude dependence in the Galileo fly-by data larger than 20% but with an
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error estimate of 50% the issue is left open to debate. The heavy dependence of the 

retrievals on background information has been well demonstrated by Donahue and 

Hodges (1992) and Donahue and Hodges (1993), as well as the dependence on general 

knowledge about the atmospheric state and radiative properties, as seen by the 

different analyses of Young et al. (1984) and Moroz et al. (1979a) (c.f. appendix A.I 

for more details.).

Above all, the main striking point of disagreement between the in situ and Earth- 

based studies remains dealing with the cloud deck either as a vast source of water 

vapour or as a region of its severe depletion. Even though it was not discussed 

in section 1.3 since it will be thoroughly examined in chapter 4, the incomplete 

knowledge of the detailed chemistry at work at those altitudes, in parallel with the 

many unknowns concerning the absolute abundances of key species, has tied the 

hands of many scientists who were trying to photochemically explain the diverse 

observations. In chapter 6, a tentative attempt will be made to explain the results 

of the new analysis of the PV OIR and Venera 15 water vapour observations with 

focus on the physics behind them. It is further understood that the diverse methods 

of analysing the data, whose resolution and wavelength ranges change appreciably 

between studies, alongside the differences in assumptions for the a priori information 

and viewing geometry, attribute hugely to the noted disagreement. With the joint 

analysis of the PV OIR and Venera 15 data for the first time the measurements 

from two different experimental methods of acquiring remote sensing data will be 

used to retrieve temperature, cloud and water vapour abundance global maps.
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Figure 2.5: Water vapour mixing ratios vs latitude and local solar time, as in Ignatiev 
et al. (1999). Upper panel, results from the on-Earth Venera 15 spectra. Middle panel, 
results from the on-board Venera 15 spectra. Lower panel, results from the on-board 
Venera 15 spectra, special near-nadir viewing session.



Chapter 3

The Pioneer Venus OIR and

Venera 15 FTS Instruments

In the previous chapter the amount of studies investigating water vapour abundance 

in Venus' atmosphere has been revealed. Nevertheless, very seldom has a common 

analysis of two different data sets been endeavoured with sole examples the works 

of Pollack et al. (1993) and Ignatiev et al. (1997). In the first work, two sets 

of ground based spectra of Venus' nightside thermal emission were co-analysed in 

order to validate spectroscopic data bases. In the second, visible spectra of sunlight 

obtained by the Venera 11, 13 and 14 probes were used to explore the discrepancy 

between in situand remote sensing predicted water vapour amounts. However, it 

is for the first time that measurements acquired from the Pioneer Venus Orbiter 

Infrared Radiometer and Venera 15 Fourier Transform Spectrometer instruments 

will be analysed with the same tools and in this chapter these two different data

38
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sets are presented in order to be able to explain in chapter 4 precisely how they were 

analysed and produced the results shown in chapter 5.

3.1 Pioneer Venus Orbiter Infrared Radiometer

Figure 3.1: The Pioneer Venus Orbiter revolving around Venus (artist's impression.)

The spin-stabilised Pioneer Venus Orbiter, seen in figure 3.1, was placed in a highly 

eccentric, 24-hour orbit in a plane inclined at about 105° to the ecliptic on the 

December 4, 1978. Its cruise altitude varied from 150-200 km at periapsis to 66,900 

km at apoapsis (Colin, 1980). The aims, design and properties of the Pioneer Venus 

Orbiter Infrared Radiometer experiment, PV OIR , also known as VORTEX after 

Venus Orbiter Temperature Sounding Experiment, have been thoroughly described 

in Houghton and Taylor (1975), Taylor et al. (1979c) and Delderfield et al. (1980).
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Channel

number
8
2
3
4
5

Central

waveno. [cm" 1 ]
228.0
679.4
727.2
764.4
869.5

Range
[cm- 1 ]

50.0 - 400.0
672.6-692.6
716.8-744.8
749.6-777.6
852.5-896.5

Field of View

[deg]
1.25
1.25
1.25
1.25
1.00

Noise
[a]

95
48
74
75
50

Principal Retrieval

Function
Water vapour
Temperature
Temperature
Temperature

Cloud Structure

a The units for noise are nW cm 2sr 2 (cm ) .

Table 3.1: Characteristics of the PV OIR channels used in this study. For the mean 
altitude sounded by each channel refer to Fig. 4.5(2).

The experiment was highly successful and returned hundreds of thousands of mea­ 

surements between orbit insertion and 14 February 1979, when its operation was 

terminated prematurely due to the failure of the instruments' power supply. The first 

findings of the Pioneer Venus Orbiter and multiprobe missions have been published 

in a special issue of the Journal of Geophysical Research, volume 85, number A13, 

pp. 7573 to 8337.

The orbiter spin axis was aligned with the celestial south polar axis and was 

inclined 45° to the field of view of the PV OIR experiment, hence constraining its 

coverage mainly to the Northern Hemisphere. As Venus rotates in a retrograde sense, 

each orbit occurred 1.48° eastwards (earlier in Venus' day) than its predecessor in 

a planet-fixed coordinate system. The coverage pattern of the planet is shown in 

figure 3.2 and it depicts the 72 days for which the PV OIR data were acquired. The 

gap in the local afternoon, shown in the dark green colour, would have been filled
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with another 12 days of instrument operation1 . Because the Pioneer Venus was a 

spinning spacecraft, the field of view of PV OIR crossed the limb of the planet twice 

for every rotation. And since the spacecraft spin rate was 5 rounds per minute, 

near simultaneous observations of the same region at different zenith angles were 

acquired. This proved to be a very valuable asset in simultaneously retrieving cloud 

structure and temperature profiles as shown both in Taylor (1974) and in section 4.4 

of this thesis.

The basic properties of the five PV OIR channels used in this study are sum­ 

marised in table 3.1. Three fixed grating spectrometers (designated "channels 2, 3 

and 4") were used to study the 667 cm" 1 (15 //m) absorption band of CO2, centred 

at 679.4, 727.2 and 764.4 cm" 1 . Even though the infrared emission of the Venus 

atmosphere is mostly dominated by CO2, there exist atmospheric windows that allow 

the study of other species. In order to study the cloud absorption properties, a fourth 

grating spectrometer ("channel 5") was placed in such an atmospheric window at 

869.5 cm" 1 (11.5 //m). A filter radiometer, referred to as channel 8 or "the water 

channel", was employed to sense the t^O rotational band at 228.0 cm" 1 (45 /^m). 

Channels 2 through to 5 have triangular filter shapes, with central wavenumbers 

and ranges as shown in table 3.1 whereas the channel 8 radiometer profile has been 

derived from laboratory calibration measurements. The field of view of the PV OIR 

instrument is a circle and so one angle is enough to define its coverage. For the five 

PV OIR channels mentioned above, the field of view is about 1.25° (about 3 km for

1 The dark green colour will be used in the remainder of the thesis to signify regions with no 
coverage.
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nadir view and 20 km for limb view, at the periapsis altitude.)

-10

Pioneer Venus OIR Coverage and Binning System ri
O 
IV

•- 6

ISO 210 240 270 300 330 0 30 
Solar Longitude

60 120 150 180

Figure 3.2: PV OIR planetary coverage. The PV OIR data are averaged in bins of 10° in 
latitude and longitude. The gap in the local afternoon (depicted by the dark green colour) 
would have been filled with another 12 days of the instruments' operation.

Following the footsteps of Schofield and Taylor (1982) and the diagnostic tools 

of Rodgers (2000), we projected the PV OIR measurements onto 10° by 10° bins 

in latitude and longitude. This choice was made in order to enhance the wet spot 

region and identify more detailed structures, as compared with the previous analysis 

where the data were projected onto 10° in latitude and 30° in longitude bins. Due 

to the spinning of the Pioneer Venus orbiter, the PV OIR measurements have an 

associated viewing (zenith) angle. So as to reduce the amount of measurements 

with very similar viewing angles, the data found within one bin was averaged onto 

a maximum of nine viewing angles, from 0.1 to 0.9 in cosine viewing angle space2 . 

So, in one bin up to nine different viewing angles, i.e. up to nine different sets of 

2 0° is the nadir view and 90° is the limb view.
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measurements may result, as can be seen by the colour bar of figure 3.2. Note that 

most bins do not contain as many different viewing angles. However, the diagnostic 

tools described in section 4.4.3 were used to validate mathematically the choice of 

reducing the amount of measurements in this manner and also confirm the choice 

of parameters that can be retrieved with reasonable accuracy from them.

Since the main scope of this work is to investigate the water vapour abundance 

in the equatorial region our analysis has been limited in latitude, from 10°S to 

60°N inclusive, as was shown in figure 3.2. The complexity of the Venus atmosphere 

northwards of 60° further supports this decision. Kliore and Patel (1982) studied the 

variation of the tropopause altitude, pressure level and temperature with altitude 

and clearly distinguish three regions: an equatorial/mid-latitude one up to 40°N, a 

transitional one between 40°N and 55°N and the polar collar one from 55°N to 77°N. 

These exhibit great variability in the tropopause characteristics. Investigations in 

both Schofield and Taylor (1982) and Ignatiev et al. (1999) have also clearly 

identified two latitudinal regions in the two sets of measurements with 60°N being 

the separating parallel.

3.2 Venera 15 Fourier Transform Spectrometer

The Venera 15 Orbiter, seen in figure 3.3, was placed in a 87.5° inclination elliptic 

24-hour orbit. The Fourier Transform Spectrometer, FTS, had a fixed instrument 

orientation and obtained 64 days worth of measurements, from 12 October 1983 

until 14 December 1983, nearly the same Venus season as during the Pioneer Venus
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Figure 3.3: The Venera 15 orbiter.

visit.

A detailed description of the Venera 15 FTS experiment has already been given 

by Moroz et al. (1986) and Oertel et al. (1990). The instrument was aligned so that 

the 4° by 4° rectangular field of view moved from ~20°N via the North Pole down 

to 25°N, while covering the longitude region 60° to 160°E and 230° to 330°E in solar 

coordinates (approx. 02:00 to 08:00 and 14:00 to 20:00 in local times.) The chosen 

orientation insured near-nadir observations of the North Polar region and a minimum 

periapsis altitude of ~1000 km at 63°N allowed each "global" measurement to be 

completed in about 25 minutes (Moroz et al., 1986). The minimum field-of-view 

was achieved over the North Polar region at 60x60 km2 .

The instrument had two modes of processing the measurements acquired, either 

by processing the data on board the spacecraft or by transmitting the full length 

spectrum back to Earth. The on board processed spectra, hereafter called "on-
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Figure 3.4: Venera 15 FTS planetary coverage. Both on-board and on-Earth spectra 
are projected in 10° bins in latitude and longitude. The colour bar indicates the number 
of spectra found in each bin. The vertical white lines show the longitudinal borders of a 
subset of 42 averaged spectra created by Ignatiev et al. (1999), which will also be used in 
this work for validation purposes.

board", have a wavenumber range that spans from 274.34 to 1656.46 cm" 1 with a 

resolution of 6.94 cm" 1 . The Venera 15 FTS instrument has acquired 1043 such 

spectra in its nominal orbital inclination, out of which 384 spectra fall within the 

10°S to 50°N latitudinal range of interest to this work. The on Earth processed 

spectra, hereafter called "on-Earth", have a wavenumber range that spans from

250.03 to 1651.22 cm" 1 with a resolution of 4.5 cm" 1 . This second processing method 

was only implemented for six spacecraft orbits' worth of data which covered very 

few solar longitudes, namely 30° to 60°E and 210° to 240°. 273 spectra were treated 

in this method, out of which 93 fall within the latitude range of interest.

Ignatiev et al. (1999) have created an averaged set based on the on-board spectra
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Figure 3.5: Venera 15 on-board and on-Earth averaged spectra. The associated noise 
equivalence radiances are shown in the dotted black lines. The on-board spectrum is 
displaced by 500nW cm~2sr~2 (cm~ 1 )~ 1 for clarity reasons. Also shown are the regions of 
activity of each species. 862 is also shown even though it is not being retrieved in this 
work.

from 20° to 60°N averaged over six longitudinal bins, whose borders are shown as 

the white markers in figure 3.4. The number of the on-board spectra was reduced to 

42 through this averaging process. Even though in this work the original on-board 

and on-Earth Venera 15 spectra are being exploited, it has proven useful to perform 

certain tests using this averaged dataset used in Ignatiev et al. (1999), as will be 

discussed in chapter 4. In figure 3.5, the entire range covered by the on-board and 

on-Earth Venera 15 spectra is shown. The red line depicts the average of the on­ 

board spectra and the blue line is the average of the on-Earth spectra. The on-board
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spectrum is displaced by 500nW cm^r^cm-1 )- 1 for clarity reasons. Also shown 

are the ranges of effectiveness of the species considered in this work. Even though 

we are not attempting to retrieve SO2 , some of its spectral features are evident 

in this figure and hence it is also shown. The water vapour will be retrieved from 

the pure rotational band at <450 cm-1 and the rotational-vibrational band at >1300 

cm" 1 . The water molecules that are chemically bound to sulphuric acid and compose 

Venus' clouds do not of course emit in any of the free water absorption bands. The 

sulphuric acid droplets exhibit absorption features in the region <450 cm" 1 and 

between 800 and 900 cm" 1 , due to complex rotational-vibrational transitions.

Both Venera 15 spectral data sets have an associated viewing angle, due to the 

instrument alignment discussed above. Individual spectra were averaged in the same 

manner as the PV OIR radiances, via a projection onto nine different viewing angles. 

The maximum amount of different spectra resulting in each bin did not exceed six, 

as seen in the colour bar of figure 3.4. The distribution of the viewing angle of 

all Venera 15 spectra with latitude is displayed in figures 3.6 and 3.7. Following 

instrument design specifications, the nadir view of the planet was attained at 63°N. 

In an attempt to try and cover the Southern Hemisphere and near-equatorial region 

the satellite was rotated on its axis to provide near-nadir views above the equator, 

in one special session. These special-viewing on-board spectra are depicted as the 

red stars with high cosine viewing angles in figure 3.6. The results from these 

spectra have also been separately analysed by Ignatiev et al. (1999), reproduced in 

figure 2.5(3).
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3.3 Synopsis

In this section we will recapitulate the important points of the above description 

of the two instruments; the Pioneer Venus orbiter was spin-stabilised and rotated 

at 5 rotations per minute in a 24-hour polar orbit around the planet. The Venera 

15 orbiter had a fixed instrument orientation but was also placed in a 24-hour 

polar orbit around the planet. During the 72 days of observation, the PV OIR 

instrument covered most of the Northern Hemisphere, whereas the Venera 15 FTS 

mainly covered ~20°N to 90°N for the longitude ranges 60° to 160°E and 230° to 

330°E during 64 days of observations. Irrespective of the total coverage of planet 

by the instruments, this work will focus on the latitude region from ~10°S to 50°N 

and all covered longitude regions. The PV OIR instrument is a radiometer (grating 

spectrometer) whose five channels measure radiances at 228.0, 679.4, 727.2, 764.4 

and 869.5 wavenumbers. In contrast, the Venera 15 FTS is a Fourier transform 

spectrometer which measured spectra in two different modes; the on-board processed 

spectra, which range from 274.34 to 1656.46 cm" 1 with a resolution of 6.94 cm" 1 and 

the on-Earth processed spectra, which range from 250.03 to 1651.22 cm" 1 with a 

resolution of 4.5 cm"1 .

A timing issue

One of the points of challenge in our analysis has been the fact that the two missions 

have visited the planet almost four Earth years apart. This point has not deterred 

this work as it can easily be verified that the two spacecraft arrived at similar Venus
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seasons and general atmospheric conditions. Furthermore, the aim of this thesis is 

not to actually "equalise" the findings of the two instruments but rather to analyse 

them with the same tools and hence provide confident and unbiased joint results.

During the visit of the Pioneer Venus Orbiter, the sub-solar latitude3 ranged 

from -1.3° (Dec 4, 1978) to -2.46° (Southern Solstice, Jan 10, 1979) to -1.47° (Feb 

14, 1979). Similarly during the Venera 15 visit, the sub-solar latitude ranged from 

0.46° (Oct 12, 1983) to 0° (Equinox, Oct 18, 1983) to -2.46° (Southern Solstice, Dec 

14, 1983). Hence, considering the stability of gross features in the Venus atmosphere 

described in chapter 1, one would not expect to see seasonally-induced differences 

in the measurements yielded by the two instruments.

The Pioneer Venus measurements were taken under solar maximum conditions 

whereas the Venera 15 measurements were recorded during low to medium solar 

activity. The radio emission from the Sun at a wavelength of 10.7 centimetres, 

known as the "F10.7 index", quantifies the solar activity. Venus during the Pioneer 

Venus visit was subjected to an F10.7 flux of about 168-199 whereas during the 

Venera 15 visit the F10.7 index was at 90-120. Even though changes in the solar 

cycle occur most strongly in the EUV and UV and both instruments in question 

are infrared instruments, the Venus cloud absorbs heavily in the UV part of the 

spectrum. Variations in solar intensity over the solar cycle are ~10% at 190 nm, 

~5% at 200 nm and less than 1% at >210 nm (Nicolet, 1989). Unfortunately, quan­ 

titative statements cannot be made with regards to the precise effect this, seemingly

3The sub-solar latitude is the latitude on the planet directly beneath the Sun, in degrees.
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insignificant, intensity change will have on the cloud temperature, composition and 

structure. In the subsequent analysis, solar conditions are not considered when 

modelling Venus' atmosphere in order to analyse either set of measurements.



Chapter 4

Joint Retrievals: Theory And 

Met ho dology

We do not aim in this chapter to reproduce information that can easily be found 

in any standard atmospheric physics textbook but rather provide the necessary 

information for the reader to follow our arguments logically. In each section we 

discuss not only the theoretical background but also the practical choices made 

in order to solve the physical equations in question. In section 4.1 the Radiative 

Transfer Equation is presented in a format applicable to this work. Section 4.2 

describes the Atmospheric Model developed in order to solve the aforementioned 

equation and in section 4.3 the concept of a Forward Model and how that relates 

to solving the radiative transfer equation is explored. Section 4.4 introduces the 

mathematical equations required for the retrieval of the atmospheric state observed 

by the PV OIR and Venera 15 FTS instruments.

52
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4.1 Radiative Transfer Equation

The Radiative Transfer Equation in the case of calculating the thermal emission from 

a plane parallel atmosphere in local thermodynamic equilibrium, seen by a nadir 

viewing instrument, predicts that the upward monochromatic radiation intensity, or 

radiance, I(zr , n] at any altitude reference level zr can be expressed by:

/oo 

-r
(4.1)

where p, equals to cos0 and 0 is the zenith angle1 , Js (z,/i) is the source function 

and W(z, n) is the weighting function.

Equation 4.1 describes the radiation observed by the satellite from all atmo­ 

spheric layers down to zr . This radiation originates from the fact that, in the 

infrared range of the spectrum, gas molecules undergo rotational and vibrational 

transitions. Their spectral lines, which are observed remotely by spectrometers, can 

then divulge information about the atmospheric temperature and the distribution of 

the gases themselves. The radiation source function, Js (z,/z), in principal, includes 

contributions to the observed radiance from thermal emission, single and multiple 

scattering. For the case of the PV OIR and Venera 15 experiments, only the 

contribution from thermal emission is considered, hence:

= B(T) (4.2)

, ,xff ^ r ,, and, W(z,ij) = —— — —— (4.3)

number of obvious sub- and superscripts, e.g. the wavenumber, MQ, dependence, are omitted 
in the following equations for clarity reasons.
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where z/b is the wavenumber, in cm" 1 , T is the transmittance and W(zr ,fj) will be 

henceforth called the weighting function, a measure of the single-layer contribution

to the radiance at the reference level zr . B(T) is the Planck function given by:
= 2/ic2^3 

V ; V ' ;

where, h is Plank's constant, 6.626 x 10~34 J s, c is the speed of light, 2.99 x 108 m 

s" 1 and k is Boltzmann's constant, 1.38 x 10~23 J/K. The transmittance, r, is given 

by: M
T(ZT ,Z,IJL) = fjexp (4.5)

where, r(^r , z, //) is the transmittance of the layer (zr , 2), x^r? z) is the optical depth 

of extinction of the layer and M is the number of species active in the infrared range 

of the spectrum. The optical depth is given by:

ext
A, = rpext (z)dz (4.6)

J Zr

M

where, (3ext (z) = ^(/?fs + /?fa) + Pf* + /5;ca (4.7)
5=1

where, (3ext (z) is the volume extinction coefficient and comprises of the follow­ 

ing terms: /3g bs is the gas absorption contribution and (3sgca is the gas scattering 

contribution, /3p bs is the aerosol (particle) absorption contribution and ^ca is the 

aerosol scattering contribution. We can safely disregard the contribution by Rayleigh 

(molecular) scattering due to its A~4 dependence as we are interested in the infrared 

region between 10 and 200 //m. We can also omit the contribution due to scattering 

by the particles; we have performed calculations that showed that the inclusion of
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scattering does not lead to significantly difference radiances than those calculated 

from thermal emission models alone2 . This reduces equation 4.6 to equation 4.8.

/oo M 
(Ppbs + ^Pfs }dz (4.8)

9=1

The total transmittance equation which will be used in our solution to the 

radiative transfer equation is given in equation 4.9.

r(zr ^) = exp -- I (ffs + y](3aa bs )dz (4.9)

4.2 The Atmospheric Model

The atmosphere of Venus has been discussed qualitatively in section 1.2. In order to 

create a mathematical model of this atmosphere, vertical profiles for temperature, 

pressure, volume mixing ratios for each radiatively active gaseous species and aerosol 

mass loading have been constructed from previous measurements and published 

references.

Temperature and Pressure

The temperature structure of Venus' middle atmosphere was observed by the Pioneer 

Venus Large and Small probes, the P V Orbiter Radio Occultation and the PV OIR 

experiments. Seiff (1983) and references therein have revised quite extensively the 

temperature and pressure structure of Venus' middle atmosphere from the cloud 

tops to 100 kilometres altitude, based on the aforementioned Pioneer Venus and

2 The general importance of the inclusion of scattering to solving the radiative transfer equation 
is further demonstrated in appendix A.I.
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Figure 4.1: Right panel: the pressure profile (logarithmic scale) used in the model 
corresponding to the 0°N temperature profile. Left panel: the six temperature profiles 
used as a priori temperature profiles vs altitude [km]. The corresponding latitude is 
shown in the legend, along with the degrees Kelvin each profile has been shifted by for 
clarity. The beginning of the temperature inversion (polar collar) can be seen in the 50°N 
profile.

numerous Venera experiments. The latitudinal dependence of the temperature 

structure was found to be very small up to the 50°N parallel, whereas there exist 

almost no zonal temperature gradients, as revealed by the Pioneer Venus Probes and 

occupation experiments (Seiff et al., 1980; Kliore and Patel, 1980). Six temperature 

profiles derived from these works were used as a priori temperature profiles and 

their corresponding latitudes are shown in the legend in figure 4.1(i), along with the 

degrees Kelvin each profile has been shifted by for clarity. The latitude/longitude 

structure of the temperature profiles used as a priori information in this work is 

shown in figure A.I. Pressure differences were also reported to be small below the 100

kilometre altitude for the equatorial and mid-latitude regions. For this reason the
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Figure 4.2: Atmospheric gases volume mixing ratio and aerosol number density profiles 
vs altitude.

pressure profile used in the atmospheric model was kept constant with the reference 

altitude of 50 km corresponding to the 1 bar level (Kliore and Patel, 1982). The 

pressure profile above that altitude is given by the hydrostatic integration of the 

temperature profile and the profile corresponding to the temperature profile of 0°N 

is shown in figure 4.1(2).

Major and Minor Gases

The Venus atmospheric model contains a well-mixed 96.5 ± 0.8% CO2 profile, 

depicted as the dotted line of figure 4.2(i), derived from in s^wPioneer Venus mea­ 

surements (Oyama et al., 1980). The remaining 3.5 =p 0.8% of the atmospheric mass 

belongs to N2, but since it is radiatively inactive in the infrared region, N2 is only

included in the calculation of the ideal gas law for conservation of mass purposes.
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Three minor but radiatively active gases whose vertical profiles are also shown in 

the same figure complete the atmospheric model. The water vapour profile is seen 

here (solid line) as constant with height, but as will be discussed in section 4.4, 

H2 O abundance is one of the quantities to be retrieved from the measurements. 

The CO profile (dashed line) depicts a depletion of the species between 70 and 80 

km altitude, as derived by Galileo-NIMS data (Collard et al., 1993). COhas a few, 

albeit weak, lines between 50 and 200 eminence was included in the atmospheric 

model. No local solar time variability of the COprofile was accounted for, due 

to its relatively low line strength. The SO2 profile (dash-dotted line) follows the 

work of von Zahn et al. (1983). Other minor gases, such as HC1, HF and H2 S, 

have been known to exist in small and possibly crucial quantities in Venus' middle 

atmosphere. After von Zahn et al. (1983), table III, page 325, the abundance of HC1 

is ~0.4 ppm, of HF is ~5 ppb and of H2 S is ~l-3 ppm at the cloud top regions. 

However, inspecting the Hitran 96 spectroscopic data base (Rothman et al., 1998) 

has verified that these species do not exhibit many lines in the infrared wavenumber 

range of interest and none of them are strong and significant to this work.

The number density of the aerosol, in number of particles per unit volume n(r), is 

calculated as follows. The nominal cloud extends from 50 to 100 km, the maximum 

cloud density is set to 100 N cm~3 at the altitude of 50 km (see figure 1.6.) In order 

to transform the number density (N cm~3 ) to a number of particles per gramme of 

atmosphere (N g" 1 ), the ideal gas equation is utilised to calculate the atmospheric 

density in g cm"3 . The level of unit optical depth (referred to as "cpO") through this
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cloud is one of the parameters to be derived from the measurements and so does 

not remain constant. In the nominal calculation, this level set to the 120 mbars 

(~63 km) level (Marov et al., 1980). The second cloud parameter to be derived 

is the fractional scale height, i.e. the fraction of the cloud scale height to the 

atmospheric scale height (referred to as "he"). One can also envision this as the 

rate of change of cloud mass density with atmospheric mass loading. In the nominal 

retrieval calculation this value is set to 0.85 (Esposito et al., 1983). An a priori cloud 

number density profile can be seen in figure 4.2(2).

Hence, from these profiles, the atmospheric density, absorber amounts, partial 

pressures and effective temperature are calculated from first principles.

4.2.1 Molecular Absorption Coefficient Calculation

The atmospheric absorption spectrum of a molecule is an array of spectral absorp­ 

tion lines that correspond to transitions between the discrete energy levels of the 

molecule. At infrared wavelengths, vibrational and rotational transitions take place. 

In addition to these discrete absorption characteristics, a continuum of absorption 

might be present between the absorption lines, possibly due to collisionally-induced 

absorptions, adding to the observed radiation. In this section, the method of calcu­ 

lating the molecular absorption coefficient of the gases present in Venus' atmosphere

is discussed.

In order to perform the integral calculation required by equation 4.1 the model 

atmosphere is split into homogeneous paths (or layers) of constant temperature
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and pressure so that the monochromatic absorption coefficient of the gases and 

aerosol can also be considered constant along that path. Following equation 4.9 

the monochromatic transmittance of an atmospheric layer between zr and z0 due to 

molecular absorption is calculated as follows:

r(zr , z
M ' i r
J] exp —— /
i=1 . V Jz

0 ,
zr

dz

= liexp
i=l

i rz°
— / ki(z)rii(z)d 

VJzr

(4.10)

where, ki(z) is the monochromatic absorption cross-section of molecule i, HI is the 

corresponding number density calculated from the profiles shown in figure 4.2 and 

M is the number of different gases active in the infrared range of the spectrum.

As mentioned above, in a real atmosphere each absorption line will have a 

strength, 5, given by 5 = / kv dv, where kv is the absorption cross-section. For a 

single line, this absorption cross-section can be expressed in the form (c.f. Andrews

et al. (1987), pp. 38-40):

(4.11)

where /(V — VQ) is a shape factor (profile) giving the relative absorption cross-section 

at a point displaced by (y — VQ) from the line centre £Q. In the following, the choices 

of shape factors for the different gases used in this analysis are described followed 

by the chosen way of calculating kv .

Spectral lines can have their shape altered either by natural, pressure or Doppler 

broadening processes. The first two processes can be described adequately by the 

Lorentz line shape and the last one by the Gaussian line shape (Andrews et al.,
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1987). In a region of the atmosphere where both these mechanisms are important, 

the shape factor /(£ - i70 ) is given by the convolution integral of the Lorentz and 

Doppler shapes, resulting in the Voigt lineshape (Armstrong, 1967). The Voigt 

profile resembles the Doppler profile near the line centre VQ and the Lorentz profile 

near the line wings and is a standard line shape to assume for all absorption 

coefficients required in our atmospheric model. The Humlicek (1982) formalism 

was used to mathematically calculate this Voigt lineshape. Contributions from 

individual absorption lines at 35 cm" 1 distance from the line centre were considered. 

The water vapour continuum spectra due to collisionally-induced absorption are also 

included in the calculation using the semi-empirical approach of Clough et al. (1980) 

and Clough et al. (1989) (CKD version 2.1). For CO2, the line shape is further 

complicated in that its absorption lines at 15 (j,m have been known to exhibit sub- 

Lorentzian behaviour in the line wings (c.f. Strow and Reuter (1988), Ma et al. 

(1999)). The absorption cross-section is then expressed in the form:

kv = S /(?-$>) x^-vol) (4-12)

where, x(F~^l) is an empirical form factor, experimentally determined. In this 

work we have opted for the self and foreign induced absorption form factor provided 

by the works of Cousin et al. (1985) and Le Doucen et al. (1985). The line strengths, 

5, for the gases considered have been scaled to the desired temperatures using the 

formalism of Gamache et al. (1990) and are shown in appendix C (Rothman et al.,

1998).

In order to calculate the monochromatic absorption coefficient for homogeneous
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paths, the most precise, but computationally costly method is the line-by-line cal­ 

culation. In this method, the line shape parameters for each of the radiatively active 

species are used directly from the line data base for each wavenumber considered. 

The whole process is thence very time-consuming, albeit highly accurate. In this 

work, we have opted to make partial use of the line-by-line method, for tabulating 

the line absorption coefficients which are ranked according to their line strength. 

A numerical distribution of absorption coefficient strengths has been constructed 

known as the "^-distribution" or the "correlated-/?" distribution (c.f. Goody et al. 

(1989), Lacis and Oinas (1991)). The shortened version of this calculation is as 

follows:

Since kv is a highly repetitive function of wavelength, the integration over wave­ 

length of equation 4.10 can be replaced with reordering the kv in some predefined 

spectral intervals with similar absorption coefficient strength. The absorption co­ 

efficient range is subdivided into a suitable number of intervals of width Afcj. The 

frequency distribution of absorption coefficient strengths is obtained directly from 

the absorption coefficient spectrum by binning and summing wavenumber sub- 

intervals AZ/J which have absorption coefficient strengths within the range ki and

M A 
V — i|W(fc.,fc. + Afe) (4.13)
*—*

3

where, W(fc,-, ki + Afcj) is a Kronecker-<5 type function, i is the bin number counter 

and j is the spectral interval counter. Hence, the cumulative frequency distribution 

increments, A#i = /(A^Afcj, define the fraction of the spectral interval [1/1,1/2] f°r
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which the absorption coefficient kv is between kt and A/cf . The cumulative frequency 

distribution is then: n
(4.14) 

*=i

The inverse of the cumulative frequency distribution, k(g) is known as the A/­ 

distribution, or fc-table, and is given by kn (g) - g~l (kn ).

In this work, fc-tables were compiled using the Hitran 96 spectroscopic line 

database (Rothman et al., 1998), with the specified line shapes mentioned above. 

The absorption coefficients have been tabulated for nine temperatures, between 

160 and 340 K, and ten pressures, between 1 and 10~ 10 bar. Two identical k- 

table sets were created, one for the PV OIR and one for the Venera 15 spectra 

wavenumber ranges and resolutions. Thus, the transmittance of each species is 

evaluated for each atmospheric layer (path) into which the atmosphere has been 

split using equation 4.10.

For completion purposes, we mention here that Schofield and Taylor (1982) used 

the Yamamoto et al. (1969) line shapes for CO2 . A /c-table using this data set was 

also created for comparison purposes, but tests showed that the transmittances 

calculated with the Yamamoto et al. (1969) lines were not significantly different to 

those calculated with the nominal CO2 fc-tables used in this work. We also note that 

Ignatiev et al. (1999) used the line-by-line calculation for evaluating the absorption 

coefficients using the Hitran 92 line data base (Rothman et al., 1992). They chose 

a sub-Lorentzian form factor for the 15 //m CO2 band based on data by Moskalenko 

and Parzhin (1981), and they also adopted the Voigt profile for the water vapour
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absorption lines.

Transmission function comparison

In this section, possible sources of discrepancy between this work and the one 

of Schofield et al. (1983) introduced by the different ways of treating the water 

vapour absorption coefficients are discussed. Initially we briefly reproduce the work 

of Schofield et al. (1983) to facilitate this comparative study.

In Schofield et al. (1983) the water vapour transmission functions were derived 

from empirical expressions fitted to line-by-line calculations using the Air Force 

Gas Library (AFGL) line parameter compilation of Rothman (1981). Voigt line 

profiles were adopted for the f^O, molecule. Further to that, they performed 

laboratory measurements in a 33-meter path White Cell3 in order to validate that 

semi-empirical calculation. The results from both these calculations have been 

reproduced from the paper and are shown in figure 4.3. In their analysis, the 

authors thence used a compiled table of absorption coefficients that span the entire 

range of temperatures and pressures found in the Venus atmosphere. Schofield 

et al. (1983) noted that the difference between the experimental and theoretical 

transmission functions is 0.03 in logarithmic scale, or 7% in relative terms. As 

pressure and water vapour amount were varied simultaneously in the White Cell 

measurements, the corresponding uncertainty in the amount of water vapour above 

a fixed pressure level was estimated to be 15%.

3 A White Cell is an experimental apparatus in the form of a multi-path cell that permits the 
measurement of gaseous absorption over long paths.
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Figure 4.3: Theoretical (blue line) and experimental (red crosses) transmission function 
calculations for H^O from Schofield et al. (1983) and theoretical transmission function 
calculations (black lines) from this work. The original experimental cell path was 33 
meters and contained 100% water vapour at 300 K temperature. Also shown is the 
transmission calculated for a 1 kilometre path length (black line with square dots) in 
order to demonstrate the enormous sensitivity of these calculations.

Graphically, our transmission function calculated using the correlated-A; tech­ 

nique with the Rothman et al. (1998) line parameter compilation and the Voigt 

H2O line profile, is shown as the black line with star markers in figure 4.3. Our 

theoretical calculations and the experimental curve of Schofield et al. (1983) (red 

crosses) seem to agree well at the lower and higher ranges of pressure and not so well 

in the middle values. The percentage difference between the transmission function 

of our calculations and the ones of Schofield et al. (1983) is 11.2% and 16.1% for 

their theoretical and experimental calculations respectively, at the -2.25 point of 

the logarithmic pressure scale. One might hence note that the absolute retrieved 

water vapour amounts of the Schofield et al. (1983) work and this one cannot de
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facto agree, but the general water vapour features (e.g. day-night enhancements, 

wet spot) are still expected to be retrieved.

4.2.2 Cloud Absorption Coefficient Calculation

Similarly to equation 4.10, the monochromatic transmittance of an atmospheric 

layer between zr and z0 due to the cloud absorption is calculated as follows:

(4.15)
= exp 

= exp

" i rz°
—— / firta

[ji 1

I rZo §
1 &3ct 

_ VJzr

V, v) n(z)dz

where, crext is the extinction cross-section4 and n(r) is the number of particles of 

radius r per unit volume. The calculation of the n(r) profile has already been 

described in section 4.2.

In order to estimate crext (r, v] we have used the E^SC^ refractive index data 

of Jones (1976) for the wavenumber range 200 to 430 cm" 1 and Biermann et al. 

(2000) for the wavenumber range 430 to 1700 cm" 1 . Mie theory (Mie, 1908) was 

employed to convert the refractive index data into the cloud extinction cross-section 

and single scattering albedo. The nominal5 cloud is composed of 75% H2 SO4 (and 

25% H2 O) spherical droplets of mean radius, r0 , 1.05 /^m (Hansen and Honevier, 

1974). The particle size distribution, N(r) was assumed to be log-normal, with 

standard deviation, ag , of 0.07 (equation 4.16.)

4Traditionally, the combination of atmospheric absorption and scattering is called extinction 
(as in equation 4.7) but since scattering is not considered in this work, absorption and extinction 
can be thought of as synonymous.

5 By the term "nominal" we refer to the standard calculation done in this work. The a 
priori parameters chosen for the nominal calculation are all tabulated in table A.I, appendix A.
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where, r is the particle radius. The absorption due to aerosol particles can be thus 

calculated for the atmospheric paths defined.

For comparison purposes we note here that Ignatiev et al. (1999) used a log- 

normal particle size distribution with a radius r = 1.05 /^m and variance ag = 1.10. 

All cloud particles were assumed to be composed of an aqueous solution of the 

sulphuric acid whose optical properties were defined from Palmer and Williams 

(1975) and Jones (1976). The authors reach the conclusion that the equilibrium 

concentration varies with altitude, and most probably latitude as well, and they 

estimate a value between 67% and 83% in H2 SO4 acidity.

4.2.3 Synopsis of presented material

In the beginning of this chapter, the radiative transfer equation was discussed for the 

case of a nadir viewing instrument measuring the thermal emission of a planetary 

atmosphere in the infrared and far-infrared range of the spectrum (section 4.1.) 

The atmospheric model developed was then described (section 4.2) followed by the 

practical ways that the transmittances due to the atmospheric gases (section 4.2.1) 

and the sulphuric acid cloud (section 4.2.2) were calculated.

In the remainder of this chapter, the methodology with which physical pa­ 

rameters are translated into the mathematical equations of the retrieval scheme 

is established. The retrieval process itself is fully described and the diagnostic
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possibilities of the error analysis are expanded upon.

4.3 The Forward Model

In order to bridge the physics discussion of the previous section with the mathe­ 

matical formalism of the retrieval process developed in the next section, a short 

terminology discussion follows. The Forward Model, F(x), simulates the radiance a 

specific instrument would have measured, had the atmospheric state been the input 

state vector. The radiance is calculated by solving equation 4.1. The measurement 

vector, y, has m elements, for m observations made. The state vector, x, contains 

the quantities to be retrieved and has n elements.

Hence, we may state that:
y =F(x) + e (4.17)

where, x is the state vector, y is the measurement vector with error e and F(x) 

is a function that encapsulates our understanding of the physics behind the mea­ 

surement. This term is substituted further on with the symbol yn . In this work, 

"the measurement" is the thermal emission radiance recorded both by the PV OIR 

and the Venera 15 experiments and "the state vector" contains three different 

atmospheric quantities: the pressure level of unit optical depth through the Venus 

cloud, cpO, the fractional scale height of the Venus cloud, he, the water vapour 

column abundance and a 30-level temperature profile from 50 to 100 km altitude,

hence n=33.

In order to be able to solve equation 4.17, it can be linearised by expanding
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it about some reference state x0 as shown below (ignoring the higher terms in the 

Taylor series):

y dx
x,

(x -x0)
(4.18)

= /C(£ - X0 ) + 6

where the sensitivity kernel, /C-matrix, represents the sensitivity of the forward 

model to the quantities to be retrieved. The /C-matrix is often called "weighting 

function" in other works. However, in order to avoid confusion with the weight­ 

ing functions defined in equation 4.3, we will solely refer to the /C-matrix as the 

sensitivity kernel and not as the weighting function.

The forward model used in this work has been presented in section 4.2, but we 

deem it important to summarise here the basic ideas. The model atmosphere is split 

into layers, whose mean temperature, pressure, absorber (gas) and cloud (aerosol) 

amounts are calculated from first principles. Depending on the viewing geometry, 

the path through the atmosphere from where radiation reaches the instrument is 

defined. The transmittance of each gas species in this path is computed using the 

absorption coefficients from the pre-tabulated /c-tables. The transmittance of the 

aerosol is similarly computed using the extinction coefficients pre-evaluated from 

Mie theory. The total optical depth of the path through the atmosphere is thus 

composed and the total radiance due to thermal emission is evaluated for the specific 

wavenumber range and resolution.
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4.4 The Retrieval Method

The radiative transfer equation 4.1 represents the Forward Problem; given the state 

of the atmosphere, the solution to this equation predicts the radiation incident at 

the satellite. Having discussed how we solve this equation in section 4.3, we are 

now faced with the Inverse Problem, i.e. given the radiance measurements what is 

the state of the atmosphere that produces this radiation. In the following section, 

we are discussing the mathematical background and formulation we have used in 

order to solve the inverse problem, in order to retrieve useful information from the 

available measurements.

For purposes of illustration, we have chosen a specific latitude/longitude bin 

of data to be used as a case study throughout this section, namely the 30°N, 

240°E bin. For the PV OIR data set, this bin contains the maximum possible 

number of measurements, namely nine different viewing angles, whereas the Venera 

15 experiment registered four spectra projected onto two viewing angles. Where 

appropriate, the dataset created by Ignatiev et al. (1999) will also be used for 

demonstration purposes.

4.4.1 Optimal Estimation Retrieval Technique

The optimal estimation retrieval scheme chosen in this work in order to optimise 

the treatment of measurement errors is the one first presented in Rodgers (1976). In 

this section we will be using most of the formalism and the format of the equations 

seen in Rodgers (2000). Appendix A has been created to hold all numerical choices
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made while constructing the analysis tools, along with their bibliography references. 

The optimal estimation retrieval is based on Bayers theorem of treating proba­ 

bility functions (Bayers, 1763). Consider two states, x and y. The probability that 

x and y will occur together is denoted by P(x,y). The probability that x will occur 

when y occurs is denoted by P(x|y). So, the probability that x and y will occur 

is given by the probability that x will occur when y will occur multiplied by the 

probability that y will occur, i.e. P(x,y)=P(x|y) P(y). The vice versa also holds, 

i.e. P(x,y)=P(y|x) P(x). Hence, Bayer's theorem states that:

P(x\y) oc P(y\x) P(x) (4.19)

In our problem, P(y|x) is the probability that a measurement y will be made 

when the atmospheric state is x. The measurements y contain errors given by 

Se . P(x) contains the information on x prior to making any measurements. This 

information depicts previous knowledge/measurements on the general state of the 

atmosphere and is known as the a priori information, xa . The a priori information 

has an associated a priori error covariance matrix to quantify our confidence on the 

previous knowledge of the atmosphere, given by Sa . The selected a priori and 

covariance matrix should cover, and in a sense predict, all possible observable 

atmospheric conditions so as to encompass the atmospheric variability observed 

by the measurements.

Assuming Gaussian distributions for both the a priori and measurement covari-



4.4 The Retrieval Method 72

ance errors, these two probabilities are given by:

P(y\x) oc exp[--(0 - yx )T S~ l (y - yx)} (4.20)

P(x) oc exp[-(z - xa )T S^ 1 (z - xa )] (4.21)

where, yx denotes the forward problem. Substituting equations 4.20 and 4.21 into 

equation 4.19 and taking the natural logarithm, we obtain the equation of the cost 

function:

lnP(x\y) K<f>x = (y- yx ) T S' 1 (y - yx ) + (x - xa ) T S~ l (x - xa ) (4.22)

By minimising the cost function equation the most probable value of x, given the 

measurements y, may be found. The first part of the right hand side of equation 4.22 

is traditionally known in literature as chi-squared and so in order to avoid confusion, 

the cost function minimised in the optimal estimation formalism will be denoted by 

(f)x . The zero of the gradient of this cost function will be found using Newton's 

iterative method, given by equation 4.23.

xi+l = Xi - [Vx^x)]' 1 0* (4.23) 

and, V^)-1 = (JCT S~l /C + S' 1}' 1 (4.24)

where, /C has replaced by Vx (yx). Substituting equations 4.22 and 4.24 into equa­ 

tion 4.23, we obtain the Newton-Gauss method for iteratively solving the retrieval 

problem:
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= x - 1 (y - Vi) + S" 1 (x - xa )) (4.25)\c/ t? t / • CL \ u // \ /

where, /Q = fC(xi). By expressing xi+1 as a departure from xa rather than x. 

equation 4.25 is rearranged to give the iterative solution used here, equation 4.26.

i - xa)} (4.26)

with total covariance, S = (/Cf 5," 1 Id + S' 1 )' 1 (4.27)

where, xt+i is the new solution of the state vector, xa is the a priori value for the 

state vector and Xi is the current solution. The initial value for the state vector, x0 , 

can, but need not be, xa .

A Levenberg-Marquardt-type constraint (Levenberg, 1944; Marquardt, 1963) was 

also employed in order to complement the Newton-Gauss iteration. In slightly non­ 

linear problems, the true solution might be far from the current starting point and 

the iterative step taken might increase rather than decrease the residual. So as to 

avoid meaningless steps, the following restraint was used (c.f. appendix B.I for more 

details):

, (xn+l ~ xn)

where, A is the Marquardt-Levenberg-type "braking parameter" .

For completion purposes, the retrieval techniques employed in Schofield et al.
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(1983) and Ignatiev et al. (1999) have been reproduced in appendix B.2.

Schematic explanation of the retrieval process

The schematic explanation of the retrieval process employed in this work is shown 

in figure 4.4. The retrieval process is initialised with the following information: the 

a priori state of the atmosphere, i.e. temperature, pressure, presence of absorber 

and concentrations (section 4.2), the A-parameter (equation 4.28), the correlation 

length H (equation 4.29), the correlated-A; tables and a user-defined </> limit to signal 

the attainment of convergence. All of the above is entered as input to the forward 

model (equation 4.1), which returns the predicted radiances, yn . The initial cost 

function, <^, (equation 4.22), is calculated at this stage.

The iterative process thus begins with the first iteration of the retrieval equa­ 

tion 4.26, with further inputs: the measurement error, 5e , the a priori covariance 

error, Sa and of course the measured radiances, y. The retrieval equation provides 

the first estimate of the solution, xtest . Equation 4.28 is applied to avoid nonphysical 

deviations from a realistic atmospheric state vector. The xtest solution is used to 

solve the radiative transfer equation a second time and yn is obtained. The current 

cost function <j>n is then calculated and the retrieval proceeds as follows:

If <t>new > fold, the state and forward model vectors are not updated to xtest 

and yn respectively and the A-parameter is increased to Xnew = 10AoW .

If ^new < ^oid, a double check is performed:

A-parameter is decreased to \new = 0.3A0/ d ,
(pnew

the state and forward model vectors are updated and iteration proceeds
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to the next step.

<

process can stop.
convergence has been achieved and the retrieval

/Apriori Info
X0 X, A T,, mit

xfn

Forward Model 1

y, x, IP, 1

Retrieval Code 
x,,, st

1
n-Xi+^X,^ XnXl+AJ

1
Forward Model

Yn X n «p n

"

^ 1 Check 1 — -
^ 1

_c
~ If <Pn>'Pi

^ A=10A

t

If <Pn«Pi
Forward Model

Ytest X n IPn

Check If VT

If VTlimit

limit

Convergence!

With yn=yn and xn=xn

Figure 4.4: Schematic representation of the iterative retrieval process employed.

4.4.2 Error Analysis and Formalisms

This retrieval formalism provides us with three very useful validation analysis tools, 

the sensitivity kernels, /C-matrix, the contribution functions, ^-matrix and the

averaging kernels, A. The sensitivity kernels, or the columns of the /C-matrix, can
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be seen in figure 4.5(2) for the PV OIR measurements6 . The sensitivity kernels peak 

slightly lower in altitude than the weighting functions, shown in figure 4.5(2) since 

they normalised by the Planck function, B(T).The gain matrix, (/-matrix, is defined 

as Qy = (S~ l + /CT S~ l JC)~ 1 JCT S~ l . The columns of the (/-matrix are known 

as the contribution functions and they represent the contribution made by each 

radiance measurement to the final retrieved profile or parameter. The averaging 

kernel, A = Qy 1C, gives the sensitivity of the retrieval to the true atmospheric 

state. The rows of the ^4-matrix, shown in figure 4.5(3), can be- regarded as smoothing 

functions. The rows of A are peaked functions with a half-width that is an indication 

of the spatial resolution of the measurements.

The retrieved temperature profile for the case study is shown in figure 4.5(4). 

The dashed line, with associated constant error dotted line, is the a priori profile. 

The solid line is the retrieved profile, with associated error dotted profiles. Rodgers
yv

(2000) shows that the total error covariance of the final retrieval is given by 5, 

equation 4.27, and that it is composed by two main sources, the measurement error, 

Sm , which represents the uncertainty in the retrieval introduced by the noise, and 

the smoothing error, Ss , which represents the uncertainty introduced by possible 

components of the state vector that the measurements cannot detect. The relative 

contribution of these errors for the case study we are considering is displayed in 

figure 4.5(5). The a priori error variance, Sa is 5 K, the smoothing error, Ss , is 

the dotted line, the measurement error, 5m , is the dash-dot line and the total final

6 The equivalent matrices for the Venera 15 case study are shown in figure 4.6. We do not 
explicitly mention them to avoid being repeatedly pedantic.
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^,

error covariance, 5, is the solid line. For loosely constrained retrievals, the diagonal 

elements of the a priori covariance are set to the estimated error at each level (in 

this case study, 5 K) and the off-diagonal elements are set to zero. No correlation 

is thence assumed between atmospheric levels and the temperature solution at each 

level tends to be independent of all others. In a real atmosphere however, there is 

a correlation between different levels which can be modelled mathematically using 

equation 4.29, where H is known as the correlation length. The correlation length 

in this study is set to 10 km since the atmospheric temperature is not expected to 

exhibit great variability. Hence, the a priori error covariance for the temperature 

profile is calculated using equation 4.29.

~ ~ (4.29)
ti

One should note here that for both the PV OIR and the Venera 15 measurements 

the measurement covariance matrix, Sc , is diagonal, with no correlation between 

adjoining spectral points.

A third possible error component, not shown in the above equations, is the 

bias error of the retrieval method. This is the error that might result if the retrieval 

method chosen was not well-behaved and hence did not meet the criteria required by 

the particular problem. In short, if the only knowledge of the atmospheric state is the 

a priori state then virtual measurements can be calculated with the forward model 

using the a priori state as input. Thence, a good inverse method should return the 

a priori as retrieved state, if the measurement covariance matrix is the unit matrix 

signifying total confidence in the measurements. This test was performed for both
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sets of observations and the bias error was verified to be zero. This investigation also 

verifies the retrieval method, since a synthetic spectrum was created using known 

atmospheric parameters as input and the retrieval returned those same atmospheric 

parameters.

A fourth possible source of error arises from the incomplete knowledge of the 

physical system the forward model is trying to describe. Known as forward modelling 

errors, they represent neglected physics that should have been included in the 

forward model or incorrect input atmospheric parameters to the forward model 

who are not in the state vector, hence are not being retrieved and do not have an 

associated error. These errors may introduce an easily identified biased difference 

between the forward modelled spectra and the measured spectra. Hence, a known 

forward model bias could be treated as a simple vector added to the measurement 

vector y. There are a few possible sources of forward model error in this work, 

namely the spectroscopy and the atmospheric input parameters. For the case of 

spectroscopy, in view of the low resolution of both instruments, problems commonly 

found in other spectrometer studies, for example differences between line databases 

or high temperature corrections to the absorption coefficients, do not affect this 

analysis. One issue that was all the same investigated was the choice of line-wing 

cut-off in the calculation of the fc-tables. Pollack et al. (1993) used a cut-off distance 

of 120 cm" 1 for CO2 and 25 cm" 1 for all other molecules. Meadows and Crisp (1996) 

found that these choices seriously underestimated the far-wing absorption at high 

pressures. Even though we are not sensitive to regions of high pressure in this work,
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fc-tables were also created with an extreme cut-off at 1000 cm"1 . The predicted 

radiation was almost indistinguishable from the one calculated using the nominal 

^-tables with 35 cm" 1 line wing cut-off and well within measurement error. For the 

case of the atmospheric input parameters, possible forward model error sources are 

the pressure, CO2 , CO, and SO2 profiles. These were perturbed in both directions 

by 10% of their nominal value, except the CO2 profile which was perturbed by 0.8% 

and the results are shown in figure 4.7. In this figure, the covariance of the forward 

modelling error matrix is compared to the total retrieved error covariance for the 

temperature elements of the state vector. As expected, the qualitative effects of 

perturbing the pressure and CO2 profiles are the same, since the Venus atmosphere 

is well-mixed in CO2 . The highest effect, that of perturbing the pressure, is of the 

order of 0.7 K, below the total retrieved error in temperature at that level of ~1.8 

K. The, however minimal, possible effects of CO and SO2 are also constrained only 

in the lower part of the atmosphere.

4.4.3 Diagnostic Tools

The importance of the XT-matrix, (/-matrix and the ^.-matrix has been discussed 

previously. In order to be able to quantitatively judge the accuracy and ability of 

the measurements to divulge the information on demand, two further diagnostic 

tools have been utilised, the degrees of freedom and the information content.

The degrees of freedom, after Rodgers (2000), depict the amount of quantities 

that can independently be retrieved from the specific measurements, a priori in-
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Figure 4.7: Investigation into possible forward modelling errors in the Venera 15 
measurements. The x-axis is in temperature units [K] and the y-axis represents the altitude 
range from 50 to 100 km. The total final retrieved temperature error is compared to the 
postulated error created by the various perturbances. The effect of the perturbations is 
confined to the lowest 20 km of the atmosphere considered and is lower than the total 
final temperature error. Above 90 km there exists very little information in the Venera 15 
measurements hence the increase in the total final retrieved error.

formation and forward model, and are given by:

ds = tr(In - S S" 1 ) = tr(A) (4.30)

The largest number of degrees of freedom depends on the number of elements 

of the state vector, the a priori error covariance, the measurement error and the 

/C-matrix. Formally, this number was calculated as the rank of the /C-matrix, but 

due to the presence of random noise and the possibility of dependence between the 

rows of the /C-matrix, the actual number of independent variables will be less than
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that.

Since the degrees of freedom can be calculated from the trace of the Amatrix, 

the behaviour of the averaging kernel is a great indicator on the total number and 

distribution of degrees of freedom. If A were a perfect unit matrix all parameters of 

the state vector would have been independently retrieved. From figure 4.5(6) we can 

see that for the first three retrieved parameters, namely, cloud-top height, fractional 

scale height and water vapour abundance, the diagonal elements of the averaging 

kernel are very close to unity (similarly in figure 4.6(6).) For the temperature 

elements, it may seem that there is not enough information to retrieve a full-length 

30-element temperature profile. However, the profile is constrained by physics to be 

continuous and so we would not require 30 degrees of freedom in order to accurately 

retrieve it.

The information content, expressed in "bits", represents the improvement on the 

a priori error after the retrieval and is given by:

•H = --\o&\SS-l \ = --\0^\In -A\ (4.31)

It can also be seen as predicting the pieces of information gained by performing 

the retrieval as compared to the a priori information and is calculated from the 

determinant of the total retrieved error covariance matrix over the determinant of 

the a priori covariance matrix.

These two diagnostic tools complement each other in helping our understanding 

of the quality and potential of the measurements. The degrees of freedom should be 

viewed as the pieces of information that can be independetly retrieved from the entire
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measurement spectrum, and this calculation does not depend on the precise nature 

of the retrievable quantities. The information content applies to each spectral point 

and depends on the choice of retrieved quantities. Using the two cloud parameters as 

an example, the algorithm will attempt to secure two degrees of freedom in order to 

perform the retrieval with the minimum amount of spectral points and hence reduce 

computational time and unnecessary retrieval noise. Once the spectral regions that 

contain this information are identified, the rest of the spectrum is discarded. This 

does not mean that there is no information in the rest of the spectrum, only that 

the best necessary spectral points were found in order to perform the retrieval.

Applying these diagnostic tools to both sets of measurements has hence proven an 

invaluable tool in asserting a number of choices made in this analysis of the PV OIR 

and Venera 15 data sets. It is necessary to remind the reader here of some numerical 

facts about the two sets of measurements, presented in previous chapters; the PV 

OIR instrument is a radiometer and provides us with single radiance measurements, 

in groups of five values for the five radiometer channels. Depending on how many 

measurements with different viewing angles result in a single latitude/longitude bin, 

the PV OIR data will have m = 5 up to ra = 45 number of measurements in steps 

of five. In the bin used as case study, the measurements cover nine different viewing 

angles resulting in m = 45, i.e. 45 semi-independent measurements. The Venera 15 

instrument is a spectrometer and provides us with full-length spectra, approximately 

from 250 to 1650 cm" 1 . As a result of this difference between the two instruments, 

a different diagnostic discussion is required for each one. This diagnostic analysis is
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y(m)
5

10
15
20
25
30
35
40
45

ds [49 levels]
3.74 [3.85]
4.30 [4.38]
4.65 [4.70]
5.05 [5.02]
5.31 [5.26]
5.54 [5.50]
5.76 [5.84]
5.87 [5.96]
6.41 [6.52]

U [49 levels]
9.92 [10.00]
12.22 [12.34]
13.70 [13.80]
15.29 [15.38]
16.42 [16.50]
17.21 [17.30]
17.33 [17.75]
17.85 [18.29]
20.08 [20.19]

Lat/Lon
10°S, 330°E
0°S, 330°E
10°S, 350°E
10°N, 350°E
20°N, 350°E
30°N, 350°E
50°N, 350°E
50°N, 340°E
20°N, 260°E

Table 4.1: Information content and degrees of freedom for different amount of 
measurements in the PV OIR data set. The equivalent values for a state vector 
with 49 temperature elements is shown in the parentheses in order to relate to the 
work of Schofield and Taylor (1982).

discussed threefold in the following section; for the PV OIR radiance data set, the 

on-board Venera 15 spectra and the on-Earth Venera 15 spectra.

For the case of the PV OIR data; as has been shown in figure 3.2 not all 

latitude/longitude bins contain the same amount of measurements. The question 

thence arises whether it is possible to retrieve n = 33 state vector elements from the 

less populated bins. In table 4.1, the different number of measurements and their 

corresponding degrees of freedom and information content are presented. The semi- 

independent nature of the PV OIR data, firstly postulated in Schofield and Taylor 

(1982), is clearly demonstrated, as ds does not rise further than ds = 6.41 even for 

the case of nine difference viewing angles. Also shown are calculations made for a 

49-element temperature profile used in the work of Schofield and Taylor (1982). 

It is evident that reducing the number of points of the temperature profile has not

reduced the amount of available information to be extracted from the measurements.
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For the case of the on-board Venera 15 spectra; they extend from 275 to 1650 

cm" 1 and since the highest wavenumber that the PV OIR instrument measured is 

896.5 cm" 1 , one might safely assume that it is reasonable to only use the overlapping 

range of the Venera 15 data set. In this case, the amount of spectral data points 

to be fitted would be reduced from ra = 399 to m — 181, making the calculation 

computationally more affordable. However, in order to scientifically support this 

choice, the diagnostic tests were implemented. These show that most of the infor­ 

mation about the state vector can indeed be found in the 275 to 950 cm" 1 region, 

as shown in figure 4.8 which depicts the degrees of freedom of the chosen spectral 

points. Basically, each spectral point may, or may not, contain information about 

the retrievable species. The diagnostic tools checks each spectral point individually 

and estimates the information content and degrees of freedom that it contains. In 

the ideal case, since we are trying to retrieve n = 33 quantities we would like to 

pick spectral points whose total degrees of freedom add up to, or are close to 33. 

However, the inverse problem in radiative transfer theory is not ideal and the degrees 

of freedom in this randomly chosen on-board Venera 15 spectrum does not exceed 

ds = 6, whereas the information content is % =18 (figure 4.9). The number of final 

chosen spectral points was m — 132 for the on-board Venera 15 measurements.

For the case of the on-Earth Venera 15 spectra; they extend from 250 to 1650 

cm" 1 but with a higher resolution than the on-board spectra and better signal-to- 

noise ratio in the region of the rotational-vibrational water vapour band centred 

around 1500 cm" 1 . Hence the total number of freedom in this case is slightly
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increased to ds = 9 and the information content to U = 28 (figure 4.11.) As can be 

seen from figure 4.10, information about the cloud and water vapour is also contained 

in the second half of the original spectrum, around 1150 and 1450 cm" 1 respectively. 

For continuity reasons, the number of spectral points of the on-Earth Venera 15 

measurements was also reduced to m = 132.

In conclusion, this initial diagnostic examination was performed on the average 

on-board and on-Earth Venera 15 spectra. The final selection of the m = 132 

channels was performed individually for each one of the on-board and on-Earth 

spectra. The post-processed reduced Venera 15 spectra were then analysed using 

the retrieval process described previously.

Example Temperature Retrieval

In order to put the last few pages into context with the aim of this thesis, an example 

temperature retrieval from both sets of measurements is shown in figures 4.12 

and 4.13. The leftmost panels show the a priori profile and associated error, set 

to 5 K. The middle panels shown the retrieved profile and error, and the rightmost 

panels the difference between a priori and retrieved. In the case of the PV OIR 

profile, the best retrieved profile from the work of Schofield and Taylor (1982) is 

also shown as the red line for comparison purposes. The retrieved profile and error 

profiles revert to the a priori for the altitudes where there is no information in the 

measurements. This is the kind of diagnostic inspection on the results of a retrieval 

that can be made via the error analysis kernels, discussed in the previous section.
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4.4.4 Aerosol Correction Coefficient Retrieval

As demonstrated previously in section 4.2, the principal source of uncertainty in this 

analysis but also in Schofield et al. (1983) and Ignatiev et al. (1999) is the correct 

representation of the sulphuric acid cloud contribution to the observed radiation. 

The lack of adequately precise data for the optical properties of the H2 SO4 cloud in 

the range 50 to 400 cm" 1 led both aforementioned authors to resort to approximate 

methods to quantify the cloud absorption contribution. In this section, we first 

discuss the methods that Schofield et al. (1983) and Ignatiev et al. (1999) resorted 

to in order to compensate for the lack of optical data. Then we present the differences 

between the refractive index data sets that supply the optical depth properties of the 

cloud. We then discuss how we used the Venera 15 spectra in order to extract the 

cloud correction coefficients used in this analysis. This extraction was not possible 

from the PV OIR measurements alone as they are single radiance points.

In Schofield and Taylor (1982) and Schofield et al. (1983), the spectral variation 

of the cloud extinction coefficient is represented by a single factor, r54, the ratio 

of extinction coefficients at the wavelengths defined by the central wavenumbers of 

channels 5 and 4. Similarly, r58, the ratio of channels 5 and 8, provides the cloud 

extinction coefficient applicable to the water channel. The r54 ratio was set to 

1.7, from Mie theory calculations for 1.05 //m radius H2 SO4 droplets and the r58 

ratio was set to 2.78, based on the calculations of Aumann and Orton (1979). The 

refractive index data they used was that of Palmer and Williams (1975) and Jones 

(1976), shown in figure 4.14. To test the sensitivity of the retrieved water vapour
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abundance to these two ratios, Schofield et al. (1983) retrieved the PV OIR data 

using two extreme cloud models, with a 20% difference in the opacity ratio r54. 

Changes in absolute water vapour abundance of the order of ±30% were observed 

even though the relative features (day-night variation, wet spot) remained unaltered.

In Ignatiev et al. (1999), the authors resorted to introducing a small ad hoc cor­ 

rection factor to the cloud absorption coefficient, as a smooth function of wavenum­ 

ber in the range of 0.75 to 1.8 (-25% to +80%) over the spectral interval of 250 

< v < 400 cm" 1 . Although the authors have kindly provided us with these correction 

coefficients, we have opted to retrieve them anew in this work for continuity reasons.

In the forward model used in this study, we did not need to resort to optical depth 

ratios as Schofield and Taylor (1982) did, but rather use the existing knowledge of 

the cloud absorption coefficient over the entire wavenumber range covered. However, 

the use of the Jones (1976) data prevent the accurate representation of the cloud 

0pbs in the 228.0 cm" 1 water band since the author quotes a 10% error on the 

experimentally acquired imaginary refractive index, m,-. The imaginary part of the 

refractive index is directly proportional to the absorption coefficient, (3abs through:

m . = pabs - (4.32)
4?r

where, A here is the wavelength (Salby, 1996). The disagreement between refractive 

index data sets is evident in figure 4.14, where the overlap between the Jones 

(1976) and the Biermann et al. (2000) imaginary parts is far from satisfactory. 

Unfortunately, even though a number of new experimentally acquired refractive 

index data sets exist for H2 SO4 aerosol solutions (Tisdale et al., 1998; Heathfield
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the imaginary part of the refractive index.

et al., 1999; Niedziela et al., 1999), none of them extends further than 400 cm" 1 . 

The Mie calculation was performed for the cloud specifications discussed in sec­ 

tion 4.2.2 for the refractive index data of Jones (1976), Palmer and Williams (1975) 

and Biermann et al. (2000). The normalised resulting cross-section is shown in 

figure 4.15.

Without entering further into the details of the Mie scattering theory, one should 

note that in order for the calculations shown in figure 4.15 to be performed a number 

of parameters had to be specified; the mean size, variance and distribution of the 

aerosol particles, the sulphuric acid percentage concentration of the droplets and 

their expected effective temperature. The cloud used in this analysis, and discussed

extensively above, is uni-modal; however Pollack et al. (1980), who describe the
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Venus cloud properties from the P V Sounder probe location, have presented a 

multi-modal cloud aerosol model. Four different mean sizes, variances and aerosol 

number densities describe this multi-modal cloud and as demonstrated in Figure 1 of 

Zasova et al. (1999), different cloud extinction curves result from the Mie scattering 

calculation on the characteristics of the four different modes. Unfortunately, as 

shown in section 4.4.3, not enough information is contained in either the PV OIR or 

the Venera 15 datasets to warrant trying to retrieve cloud parameters for different 

aerosol modes. In order to achieve such a task, one would require dedicated radiative 

channels for each of the different cloud modes. Hence, our efforts were focused on 

retrieving the optical depth of a uni-modal cloud through the two physical parame­ 

ters that define its number density; the unit optical depth (cloud-top pressure) and 

the fractional scale height. In the following, we are discussing the retrieval of the 

correction factor on the cloud extinction coefficent using the Venera 15 spectra. 

This correction was then applied to the cloud extinction coefficient curves used in 

solving equation 4.15 for both the PV OIR and Venera 15 retrievals.

The correction factor retrieval was performed as a separate step, before attempt­ 

ing to retrieve temperature, cloud and water vapour abundance. Both the on-board 

and on-Earth Venera 15 data were averaged within the 10° latitude/longitude 

bins in order to smooth out the data variability and measurement noise. Hence, a 

correction factor curve was extracted for each of the Venera 15 latitude/longitude 

bin. The wavenumber range targeted spanned between 270 and 430 cm" 1 . An 

iterative retrieval algorithm was set up in order to retrieve the correction factor
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Figure 4.15: Mie theory calculations of single scattering cross-sections using the three 

different refractive index data bases shown in figure 4.14. The cross-section has been 

normalised by a factor of 108 .

at each wavenumber separately. The forward model used is the same as the one 

described in section 4.3, with the exception that the state vector now only contains 

one element (the correction factor) and the function minimised is given by <f> =

— Vn}T S~ l (y — yn )- The same cost function type checks were performed as the

ones visualised in figure 4.4. An example of the retrieved correction factors is shown 

in figure 4.16. The corrected cloud extinction cross-sections were then implemented 

for both the Venera 15 and PV OIR retrieval analyses.

In conclusion, we have created a new set of correction coefficients to the cloud 

absorption cross-sections calculated using Mie theory from Jones (1976) refractive 

index data in order to properly analyse the PV OIR and Venera 15 observations.

These correction coefficients have been created via a one-dimensional retrieval of the
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Figure 4.16: Original and corrected cloud extinction cross-sections. The original was 
calculated with the Jones (1976) refractive index data, for a solution of 75% H2SO4 at 
300 K temperature. The cross-section has been normalised with a factor of 108 .

Venera 15 spectra, and were created for all areas of latitude/longitude coverage of 

the Venera 15 dataset. Nearest neighbour retrieved coefficients were used in order 

to service the PV OIR regions of coverage. These coefficients cannot however be 

considered as a "standard" corrective measure to be used by anyone needing to use 

the Jones (1976) refractive index database. They are by definition model-dependent 

since our forward model was used in order to attain them from the retrieval of the 

Venera 15 spectra. On the other hand, it was impossible to retrieve these correction 

coefficients as part of the main cloud-top pressure, fractional scale height, water 

vapour and temperature retrieval procedure as they are 100% correlated with the 

two cloud parameters. Hence, this pre-retrieval analysis was paramount so as to

correctly implement the joint retrieval on the PV OIR and Venera 15 observations.
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Systematic error on the PV OIR results

One of the main concerns in the work of Schofield et al. (1983) was the dependence 

of the retrieved water vapour abundance on the cloud extinction coefficients that 

describe the contribution of the cloud absorption to the radiance sensed by the PV 

OIR water channel. This concern is based on the quality of the refractive index 

data that describe the optical properties of the sulphuric acid droplets in the 50 

to 400 cm" 1 region and the authors performed tests to quantify this dependence. 

As discussed previously, they give an estimate of 30% change on the absolute 

water vapour abundance retrieved due to a 20% difference in the opacity ratios 

their radiative transfer model is based on. This same concern led us to perform 

the elaborate cloud extinction coefficient correction factor retrieval benefiting from 

the quality of the Venera 15 spectra, as described above. However, it would be 

unreasonable to assume that this corrective measure has eradicated all systematic 

errors on the retrieved water vapour from the PV OIR dataset.

As such, an investigation on the systematic error on the water vapour abun­ 

dance retrieved introduced by altering the cloud extinction coefficient curve was 

performed. Based on the error assessment of Jones (1976) on the imaginary part of 

the refractive index of the aerosol droplets being about 10%, the cloud extinction 

curve (figure 4.15) was perturbed upwards and downwards by 10% between 50 and 

400 cm" 1 . The absolute difference in water vapour abundance between the two 

perturbed retrievals and the nominal one was uniform throughout the PV OIR 

global coverage and of the order of 4 to 8 ppm. Further to this, no significant
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change in the retrieved cloud parameters was observed, further testifying that the 

cloud information is mostly obtained by the dedicated PV OIR cloud channel. A 

extensive discussion on the possible correlation between cloud-top pressure and water 

vapour abundance retrieved is given in section 5.4.

4.5 Synopsis

The main aim of this chapter was to describe the basis of remote sensing theory 

and how the inverse methods of retrieving atmospheric temperature and constituent 

abundances are used in practise. Specifically, in section 4.1, the equation of radiative 

transfer for a nadir-viewing instrument that observes a planetary atmosphere is 

illustrated. This thermal emission, as observed in the spectral ranges covered by 

both instruments, arises mostly from carbon dioxide and water vapour spectral lines 

and from a continuum absorption from the sulphuric acid droplets that compose the 

Venus cloud. The atmospheric model developed for solving the radiative transfer 

equation is described in section 4.2, where the calculation of the transmittances 

due to gases (section 4.2.1) and due to the cloud (section 4.2.2) is explained. The 

possible sources of discrepancy between this work and the ones of Schofield et al. 

(1983) and Ignatiev et al. (1999) were also recounted at this stage. The forward 

model developed for this analysis is discussed in section 4.3. The retrieval scheme 

used to invert the radiative transfer equation is detailed in section 4.4.1 followed 

by the error analysis and characterisation for the results from both instruments 

(section 4.4.2)and a example temperature retrieval (section 4.4.3.) This section
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ends with demonstrating the need for aerosol correction coefficients and the retrieval 

process developed and executed in order to create them for this work (section 4.4.4.) 

In the following chapter the results of this analysis are presented and described 

and in chapter 6 a discussion on the possible physical explanations behind the 

retrieved results completes this thesis.



Chapter 5

Joint Retrievals: Results

In this chapter the results of the new analysis of the PV OIR and Venera 15 

observations are presented and discussed. The products of the two instruments 

are initially displayed separately in sections 5.1 and 5.2. In section 5.3 the results 

from the common areas of coverage of the planet are compared and contrasted. A 

discussion on the scientific validation of the results is presented in section 5.4. A 

summary of the key observed features is given in section 5.5. A comprehensive 

discussion on the physics behind these observations will be elaborated further in 

chapter 6.

5.1 PV OIR Results

The global temperature field for two altitudes at the cloud-top region is shown 

in figure 5.1 and the associated retrieval error in figure 5.2. The temperature 

structure was found to be more or less isothermal below the 50° parallel, with zonal

100
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fluctuations between 5 and 10 K. The beginning of the temperature inversion known 

as the "polar collar", discussed in chapter 1, can be seen between 50° and 60°N. 

Temperature maxima were found just before local noon and midnight, giving the 

impression of a small scale semi-diurnal variation. These temperature signatures are 

present in the raw radiance data of the PV OIR temperature sounding channels. The 

a priori temperature field is shown in figure A.I and has an associated a priori error 

of 5K.

The retrieved cloud-top pressure (cpO) and fractional scale height for the cloud 

(he) are shown in figure 5.3. In the upper panel, the cloud-top pressure was found to 

exhibit a minimum in the late evening equatorial region and a maximum in morning 

mid-latitudes. In altitude units, the difference between the minimum and maximum 

cloud-top pressure is of the order of 3-4 km, almost an atmospheric scale height. The 

maximum cloud-top pressure is highly correlated with the highest fractional scale 

heights retrieved which are shown in the lower panel. The fractional scale height is 

given by the cloud scale height over the atmospheric scale height. At these altitudes, 

the Venus atmosphere is well-mixed in CO2 and the retrieved temperature field 

shows almost no variation. Hence, the observed change of up to 30% in fractional 

scale height may signify that the cloud composition itself changed, possibly due to 

dynamics. A similar provisional explanation is also given in Ignatiev et al. (1999), 

where the equilibrium concentration of the sulphuric acid aerosol particles is deduced 

to be 76-83% in the region of unit optical depth pressure of 62.5±2.5 km, and 67-82% 

in the region of cpO of 56±2.0 km.
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The precise variation of unit optical depth (cloud-top) pressure with solar lon­ 

gitude and latitude is clearly demonstrated in figures 5.4 and 5.5 respectively. 

The error bars are not shown in figure 5.5 for clarity reasons. The morning and 

evening terminators (90° and 270°E) were used to divide the markers into day- and 

night-time observations. From figure 5.4 we can see that the cloud-top pressure at 

nighttime is ~110 mbars and the highest at daytime is ~140-150 mbars. In figure 5.5, 

at equatorial latitudes the mean cloud optical depth is unity at 125 mbars (~63 km) 

with a longitudinal dependence of ±25 mbars and the cloud scale height is about 

0.75±0.15 times the atmospheric scale height.

The water vapour abundance map derived from the new analysis of the PV OIR 

radiance data is shown in the upper panel of figure 5.6 and the associated retrieval 

error in the lower panel. A number of features observed already by Schofield et al. 

(1983) have been enhanced in the new results due to the smaller binning system. The 

main water vapour enhancement, the "wet spot", has been recovered shortly after 

local noon in the equatorial region with a maximum of ~100 ppm (~50 pr micron), 

with the secondary maximum of ~40 ppm centred around 30°N, 0°E. From the 

lower panel of figure 5.6 we note that greater confidence is placed in this secondary 

maximum and in the nightside observations of the planet, i.e. in the regions of water 

vapour abundance less than 20 ppm. The water vapour abundance variation with 

latitude and longitude is shown in figures 5.7 and 5.8. The day-night variation is 

evident, as the fact that most nighttime measurements do fall within the 20-30 ppm 

region. In figure 5.8, the distinction between day and night retrieved abundances is
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apparent in more or less all latitudes. With respect to the shape of the wet spot, 

on first inspection, it might not look unreasonable that the zonal wind is involved 

in creating its elliptical shape. In chapter 6 a detailed investigation into this issue 

is given.

5.2 Venera 15 Results

As has already been discussed in section 3.2, figure 3.4, in each latitude/longitude 

bin more than one Venera 15 spectra were found, from both on-board and on-Earth 

data sets. Each of these was analysed separately by the retrieval process and the 

individual results were then statistically averaged to produce the figures shown in 

this section.

The global temperature field for two altitudes near the cloud-tops is shown in 

figure 5.9 and the associated retrieval error in figure 5.10. Since the spatial coverage 

of the Venera 15 spacecraft was not as complete as the coverage of the PV OIR 

measurements, it is harder to make comprehensive comments about the general state 

of the atmosphere. We can note that the atmosphere remained in its near-isothermal 

state, with the temperature inversion region poleward of the 50°N parallel becoming 

noticeable. The 280°E latitudinal strip, up to 20°N, contains the results from the 

special on-board spectra session where the Venera 15 satellite was rotated so that 

the Venera 15 FTS instrument points in the near-nadir at equatorial latitudes. The 

associated viewing angle of these spectra is indeed close to nadir, testifying that the 

instrument was probing further down into the atmosphere. This is the reason why
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higher temperatures are inferred for that strip than the adjoining latitude/longitude 

bins.

The retrieved cloud-top pressure and cloud fractional scale height are shown in 

figure 5.11. The results from the special viewing on-board session spectra (280°E 

strip) are omitted in this plot. Even though from this colour plate it seems as though 

there exists high structure in the cloud-top pressure, in figure 5.12 the distinction 

between day- and night-side measurements is demonstrated more clearly. Starting 

at the evening terminator (270°E), the cloud-top pressure progressively decreased 

from a mean of 200 mbars to 150 mbars to reach some of the lowest values observed 

of 120 mbars at the morning terminator. By the late afternoon/early evening region 

the cloud has re-established its high cloud-top pressures of ~170 mbars. From 

figure 5.13, the level of unit cloud optical depth is seen to vary between 60 and 65 

km, yielding a mean of 62.5±2.5 km in good agreement with the work of Ignatiev 

et al. (1999). All on-board and on-Earth Venera 15 results are included in these 

line plots. In the bottom panel of figure 5.11, the associated cloud fractional scale 

height is found to be ~1.0±0.1 times the atmospheric scale height.

The water vapour abundance map derived from the new analysis of the Venera 

15 radiance data is shown in the upper panel of figure 5.14 and its retrieved error 

in the lower panel. Since, for computational reasons, the natural logarithm of the 

water vapour mixing ratio in ppm was retrieved, the resultant error is proportional to 

the final water vapour abundance. The water vapour abundance seems to increase 

with decreasing latitude (in contrast to Ignatiev et al. (1999) results shown in
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figure 2.5(2)) with the highest values occurring in the daylight hours. However, the 

large error bars, shown in figure 5.15, do not permit an assessment for day-night 

variation to be made. On the other hand, the local point-to-point variability first 

noted by Moroz et al. (1990) cannot be identified either due to the retrieved error 

bars. The only conclusion that we may reach is that there exists a tentative increase 

of water vapour abundance with decreasing latitude, as seen in in figure 5.16. The 

mean water vapour abundance seen in the Venera 15 observations is thus estimated 

at 12±5 ppm.

The Viewing Angle Issue

As noted in figure 3.6, there exist Venera 15 spectra with cosine viewing angle less 

than 0.25 (75.0°), most of which cover the early afternoon equatorial region. These 

spectra have a background limb view onto space and not onto the hot sulphuric 

acid cloud. This poses a logistic problem in their analysis, as there exists no 

information of the tangent height of view and hence it is not possible to correctly 

model them. We have made efforts to reproduce these spectra, due to their im­ 

portant latitude/longitude placement so close to the equator. The wavenumber 

region shown in figures 5.17 and 5.18 contains information about water vapour 

abundance and cloud characteristics. The upper panel depicts the measured and the 

modelled spectra in brightness temperature space. The residual spectrum, still in 

brightness temperature space, as well as the measurement noise level, is shown in the 

lower panel. It is evident that the forward model could not approach the measured
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Figure 5.17: Upper panel: measured and modelled Venera 15 spectrum with small 
cosine viewing angle. This spectrum is much colder than the nadir viewing ones and the 
forward model is unable to simulate it accurately. Lower panel: The residual spectrum 
and associated measurement error bars.

spectrum within noise levels in this case, due to lack of physical knowledge required 

to correctly reproduce the radiation seen. An example of measured and modelled 

spectrum in the 10°N, 100°E bin that does not suffer from the viewing angle problem 

is shown in figure 5.18. The residual spectrum is within measurement errors for 

the entire region. All Venera 15 spectra with associated cosine viewing angle less 

than 0.25 (75.0°) were hence discarded. The PV OIR spectra do not "suffer" from 

any correlation between latitude/longitude and viewing angle as the Pioneer Venus 

orbiter was spin-stabilised. Hence, most latitudes and longitudes were observed with 

a variety of viewing geometries, as was shown by the colour bar in figure 3.2.
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Figure 5.18: Upper panel: measured and modelled Venera 15 spectrum with average 
cosine viewing angle. Excellent agreement was achieved in this case. Lower panel: The 
residual spectrum and associated measurement error bars.

5.3 Joint Results

One of the main goals of this thesis is to validate the individual results of the PV 

OIR and Venera 15 observations via a common analysis technique. The figures 

shown in this section contain two global maps, one for each instrument, where only 

the areas of common coverage are shown. Whenever possible, the same limits were 

used in the colour bars to facilitate the comparison. We will refer to the two areas 

covered by the instruments as the "morning terminator" region (60° to 90°E) and 

"evening terminator" region (230° to 330°E) even though the evening terminator 

area covers most of the afternoon hours as well.

The temperature composite image, shown in figure 5.19, offered no great insights 

in view of the isothermal state of Venus' middle atmosphere. On the contrary, the
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cloud-top pressure plot, figure 5.20, revealed a very interesting result. In the morning 

terminator region similar cloud-top pressures were retrieved from both datasets in 

direct contrast to the evening terminator region where the Venera 15 cloud-top 

pressure (lower panel) was found at ~50 mbar higher (~2.5 km lower) than the 

PV OIR cloud-top pressure (lower panel.) As a direct consequence of these cloud- 

top pressure findings, the water vapour abundance maps for the two instruments 

are now placed in a different perspective than initially envisioned. In figure 5.21, 

the morning terminator regions show homogeneity with an approximate 20-30 ppm 

of water vapour. In the early afternoon however, before the 270° parallel, this 

picture is reversed, with the PV OIR plate (upper panel) having a marked dayside 

enhancement of up to 80 ppm and the Venera 15 plate (lower panel) showing a slight 

decrease to ~10 ppm. The possible effect of the changes of cloud-top pressure on 

the observed water vapour abundance is extensively discussed in section 6.4, where 

the variation of both parameters with longitude is investigated.

5.4 Validation of Results

In understanding problems with multiple variables, the question of uniqueness of the 

solution is one which always must be addressed, along with the critical assessment 

of errors. The validation of the forward model, the retrieval technique and the final 

results is a procedure that compliments the analysis of remote sounding observations. 

In the following section, we recapitulate some of these issues already discussed 

throughout chapter 4, we describe a number of further tests performed during the
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analysis and thence present the reasons which install confidence in the new retrievals 

of the PV OIR and Venera 15 measurements.

The initial reduction of both data sets by projecting their measurements onto 

a grid of nine different viewing angles, discussed in sections 3.1 and 3.2, requires 

no further deliberation. Extensive work has been further performed on the Venera 

15 spectra via the diagnostic tools described in section 4.4.3 in order to exploit the 

spectral points with maximum information content. By selecting and retrieving the 

best spectral channels not only does the computational time decrease, but also the 

noise in the modelled radiances is reduced and hence, the retrieval converges to the 

respective solution more effectively.

The effect of the non-temperature retrieved parameters on the modelled radiation 

depends on the efficiency of the forward model to capture the contribution of the 

variation of each individual parameter on the predicted radiance independently of the 

contribution by the rest of the parameters. Hence, the correlation of the elements of 

the /C-matrix for the non-temperature parameters (i.e. the two cloud parameters and 

the water vapour abundance) was checked in the beginning of the retrieval process. 

Pearson's Standard Test (Press et al., 1995) was used for this purpose. It was 

verified that no significant correlation (always less than 0.1, for both datasets) exists 

between the cloud-top pressure/water vapour abundance and the fractional cloud 

scale height. However the cloud-top pressure and the amount of water vapour visible 

by the satellites are not completely un-related. In simple terms, an atmospheric 

path with high cloud-top pressure and low water vapour column abundance might
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produce a similar intensity of radiation, as a path with lower cloud-top pressure and 

higher water vapour column abundance. Hence, the combined cloud-top pressure 

and water vapour abundance retrieved result may be anti-correlated, if one could 

ignore for the sake of the argument the fact that different cloud-top pressures will 

differ in their temperature structures as well. For the case of the PV OIR data, 

this anti-correlation was less than 0.5 for all cases bar for latitude/longitude bins 

with one or two sets of measurements, where it rose to ~0.7-0.8. For the case of 

the Venera 15 data, the coefficient was always small (less than 0.3) bar the cases of 

very small cosine viewing angle (limb viewing) where the forward model could not 

perfectly model the incident radiance. However, as discussed in section 5.2, spectra 

with cosine viewing angle less than 0.25 were excluded from the analysis.

The retrieval technique was substantiated via the "bias error" investigation 

(section 4.4.2), whereupon the retrieval was initialised with a synthetic spectrum 

created with known input profiles and returned those same input profiles as re­ 

trieved products. In addition, three different retrieval techniques, namely the linear 

relaxation technique of Rodgers (1976), the statistical regularisation of Ustinov 

(1991) and the non-linear relaxation method of Chahine (1972) have resulted in 

approximately similar solutions. Even though these retrieval formalisms are based 

on different principles, the information contained in the PV OIR and Venera 15 

observations is substantial and led these diverse mathematical formalisms to the 

same solution. The stability of the retrievals was also verified using a number 

of different input parameters, for example, different a priori and/or initial guess
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Figure 5.22: PV OIR and Venera 15 cloud-top pressure and water vapour abundance 
retrievals. Results from the common bins are only shown. The blue markers show the PV 
OIR data and the red markers the Venera 15 data.

temperature and absorber profiles. A suite of extreme cloud-top pressures and 

water vapour abundances were used as initial guess and verified the robustness of 

the retrieval in finding the same solution. A particularly rigorous test was to use 

the retrieved cloud parameters, water vapour abundance and temperature field of 

the PV OIR measurements as an initial guess for the Venera 15 retrievals, and 

vice versa. The results remained within retrieved error, for both datasets, verifying 

that most information in the retrieved results does originate from the measurements 

themselves and not in the choice of a priori and initial guess profiles.

One final concern has been the possibility that the retrieval technique has re­ 

trieved cloud-top pressure and water vapour abundance for both sets of measure­ 

ments, that belong to the same solution space. This concern is different from the
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correlation-type effects between cloud-top pressure and water vapour abundance 

discussed previously. Here we are discussing the capability of both the forward model 

and retrieval code to accurately distinguish between different possible solutions and 

converge towards the most probable. This capability depends on the accuracy of the 

measurements, on the ability of the forward model to distinguish between different 

contributions to the radiation observed and on the retrieval technique to result in 

the correct solution. The two latter issues have already been addressed above. The 

former one is discussed below.

For the PV OIR and Venera 15 measurements, even though the radiation sensed 

by the PV OIR water channel at 228 cm" 1 and the Venera 15 pure rotational water 

spectral points is "contaminated" with cloud absorption features, both instruments 

have dedicated cloud sensing channels, namely the PV OIR channel at 872 cm" 1 and 

all the Venera 15 cloud channels revealed by the diagnostic selection performed. 

Hence, we are confident that most cloud information is obtained from a separate 

spectral region than from the water vapour rotational band region and that, within 

their respective retrieved errors, the two solutions for the PV OIR and the Venera 

15 observations are indeed unique. The retrieved cloud-top pressure and the water 

vapour abundance from both instruments is shown in figure 5.22. The blue markers 

show the PV OIR results and the red markers the Venera 15 results. All common 

latitude and longitude bins are included in this figure. Due to the vertical scale used, 

the Venera 15 error bars overwhelm the Venera 15 result data points themselves. 

It is evident that the two sets of results occupy different areas of the solution space,
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strengthening our belief that the analysis has performed adequately in retrieving 

cloud-top pressure, water vapour abundance and temperature from the PV OIR and 

Venera 15 observations. To further satisfy ourselves that this was indeed the case, 

the PV OIR results were used as input to create synthetic Venera 15 spectra which 

were then compared to the real Venera 15 spectra for the specific latitude/longitude 

bin, and vice versa. In both cases, the spectral regions sensitive to cloud and water 

vapour absorption features of the synthetic spectrum did not agree with the real 

spectrum and were well outside the measurement error. This fact certifies that the 

atmospheric state changed sufficiently between the two visits and that, had it not, 

both sets of observations should have converged to the same cloud-top pressure and 

water vapour abundance solutions.

In conclusion, the joint analysis of the PV OIR and Venera 15 observations has 

been validated and we are confident that the novel treatment of the measurements 

using new radiative transfer and retrieval algorithms has led to indisputable and 

unbiased results. Our faith in the accuracy of the analysis is leading us to conclude 

that during the PV OIR visit both cloud-top pressure and water vapour abundance 

showed elevated variability whereas during the Venera 15 visit there was almost no 

variation in the water vapour abundance but high and well-structured variability in 

the cloud-top pressure.
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5.5 Synopsis

The main features of Venus' middle atmosphere revealed by the common analysis 

of the PV OIR and Venera 15 observations are summarised here. The temperature 

structure, as seen by both instruments, was found to be almost isothermal with 

variations of 5-10 K. The cloud-top pressure has a minimum of ~110±10 mbars in the 

evening equatorial region and a maximum of ~160±12 mbars in the morning mid- 

latitude regions in the PV OIR data. In the Venera 15 observations, the cloud-top 

pressure increases steadily after the morning terminator from ~120±10 to 200±30 

mbars in the late afternoon/early evening region. The day-night variation in water 

vapour abundances seen by the PV OIR instrument was found to fluctuate from 

10±5 ppm at night up to 85-95±15 ppm in the equatorial region right after the sub- 

solar point, the wet spot region. The mean Venera 15 water vapour abundances 

were found to be of the order of 12±5 ppm with no clear day-night distinction. In 

the following chapter, possible physical explanations for the above observations are 

developed and elaborated upon.



Chapter 6

Physical Explanations

The analysis of the observations of Venus' middle atmosphere made by the PV OIR 

and Venera 15 instruments have been presented in the previous chapter in the form 

of temperature structure, cloud-top pressure and water vapour abundance global 

maps. In this chapter the possible physical explanations behind these observations 

are discussed with particular focus on the water vapour abundance distribution. The 

complexity of the Venus cloud system provides no assurances that the behaviour 

of the water vapour abundance will be as straightforward as the more or less 

homogeneous temperature structure of the Venus middle atmosphere at low and

middle latitudes.

Recapitulating the information provided by the results in the previous chapter; 

the PV OIR experiment has observed a significant day-night variation in the water 

vapour abundance content of the cloud-top Venus atmosphere. Furthermore, a local 

enhancement of water vapour is retrieved in the sub-solar equatorial region, above

130
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mean day-side abundances. The Venera 15 observations, due to their small coverage 

of the equatorial and mid-latitude atmosphere cannot offer a clear global picture of 

the water vapour abundance. During the Venera 15 orbiter visit no day-night water 

vapour abundance variation is observed, or strong local enhancements.

In the following, we will discuss on a more theoretical level the physical sig­ 

nificance behind the local water vapour enhancement and the cloud-top pressure 

variability.

6.1 Introduction

A number of ideas based on simple physical principals have been put forward in the 

past, in order to explain the observed diurnal and local variability of water vapour 

abundance using simple but informative arguments. In the following we develop and 

discuss an original idea briefly mentioned in Schofield and Taylor (1982).

They conjectured that the latitude and local solar time variability of the global 

water vapour abundances and especially the concentration of water vapour above 

the clouds in the equatorial day side may be generated by solar radiation heating 

the cloud aerosol particles at the sub-solar point. This would imply that a 75% 

H2 SO4 and 25% H2 O cloud particle composition would turn, for example, into a 

80% H2 SO4 and 20% H2 O composition, releasing 5% as free water vapour in the 

upper cloud deck in the early afternoon. As H2 SO4 droplets get warmer, water 

molecules, previously enclosed in the droplets, evaporate. This increases the acid 

concentration of the droplets and reduces their mean radius. This alters their
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extinction coefficient and absorption characteristics and hence the contribution to 

the observed radiance. This contribution is not linearly related to the mean radius, 

distribution or acid concentration of the droplets and a simple prognosis of the 

effect of altering these clouds parameters is hence impossible. A simple numerical 

calculation shows that the local heating of the sulphuric acid droplets at the sub-solar 

point, which evaporates water from them, and so increases the column abundance of 

water which is detected in the vapour state cannot explain the order of magnitude 

enhancement seen ( Irwin and Taylor (1996), model 1.) The main reason is that 

the actual amount of water enclosed in the H2SO4 droplets is far smaller than a 

mean ambient water vapour abundance of ~20 ppm at the cloud tops and will add 

little to the total water vapour abundance even if all droplets become completely 

evaporated.

6.2 The existence of wet spots

A more promising idea proposes that convection might occur at deeper levels in the 

sub-solar region and, coupled with uplift of water from deeper moister levels to the 

cloud tops, may explain the observed selective concentration of water vapour. This 

conjecture demands a more careful consideration as there are two prerequisites for 

its validation; firstly, excess water vapour and sulphur dioxide must exist in the lower 

and middle cloud layers and secondly, convection, or some vertical mixing motion, 

must occur in the lower cloud levels.
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6.2.1 The presence of H2 O and SO2

First of all, the existence of surplus water vapour and sulphuric acid in the lower 

and middle cloud layers is substantiated by discussing experimental evidence for 

the lower cloud region and also for the cloud-tops. Recalling table 2.4, the in 

s^wmeasurements of Venera 11, 13, 14 and Pioneer Venus Sounder probes did report 

high water vapour abundances in the 40-55 km altitude region, of the order of 

1000±500 ppm. Since all three of these probes landed approximately at the sub- 

solar point (see figure 2.3), they provide direct measurement of the conditions within 

the cloud at this very interesting equatorial region. The cloud-top water vapour
• - '

abundance has been observed by the PV OIR and Venera 15 experiments (Schofield 

et al., 1983; Ignatiev et al., 1999) and was found to vary between 10 and 100 ppm. 

Our study confirmed the day-night variation in the PV OIR data and the moderate 

local variability of the Venera 15 observations (figures 5.6 and 5.14.)

Accordingly, below the main cloud deck, the abundance of SO2 was derived to be 

120±20 ppm near 42 km altitude from Vega 1, 2 observations (Bertaux et al., 1996) 

whereas Earth-based studies also yield 130±40 ppm in the 35-45 km region (Bezard 

et al., 1993). Photochemical models further corroborate the high abundances in the 

lower cloud layers. Krasnopolsky and Parshev (1983) calculated the photochemical 

stability of a number of minor species in Venus' atmosphere between 50 and 100 km 

and reported that a SO2 abundance of 130 ppm and H2 O abundance of 150 ppm 

at 50 km altitude were required for their calculations. The cloud-top abundance of 

SO2 is shown to be between 10 - 100 ppb from the ultraviolet spectroscopy from
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the P V Orbiter in the years 1978 to 1986 (Esposito et al., 1988). A common 

study of infrared measurements from Venera 15 and the ultraviolet measurements 

from the P V Orbiter revealed that, at low and mid-latitudes, the SO2 mixing ratio 

spans from 10 to 1000 ppb between 62 and 69 km altitude (Zasova et al., 1993). A 

significant depletion of the species is hence expected inside the cloud region and this 

is indeed provided by the photochemical region of formation of H2 SO4 . Both Yung 

and DeMore (1982) and Krasnopolsky and Parshev (1983) have shown that the 

H2 SO4 formation occurs within a thin layer centred at ~60 km altitude. So, it 

might be expected that any excess water vapour and sulphur dioxide that rises from 

the lower cloud levels will quickly photodissociate to create H2SO4 droplets.

A brief discussion on the chemical processes responsible for the dissociation of 

H2SO4 is imperative at this stage. H2 SO4 is thermally decomposed in the lower, 

hotter atmosphere at 432K (Bullock and Grinspoon, 2001), following the composite 

reaction: H2 SO4 + CO —> SO2 + H2 O + CO2 . To be precise, H2 SO4 is de­ 

composed into SO3 and H2 O in the first instance. Then, SO3 is transformed into 

S02 through reacting with CO and producing SO2 and CO2 (von Zahn et al., 1983). 

Radio occupation measurements have verified this process through observations of 

H2 SO4 vapour mixing ratios dropping rapidly below the 38 km altitude (Jenkins 

et al., 1994). The products of the reaction, SO2 and H2 O, are available to be 

transported upwards.
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6.2.2 Convection and other dynamical effects

Having argued for the presence, and the physical meaning behind the presence of 

both water vapour and sulphuric acid in the cloud region of Venus, the possibility of 

convection occurring at equatorial altitudes is now examined via the eddy diffusion 

coefficient. The vertical eddy diffusion coefficient, used in the calculation of the typ­ 

ical vertical motion timescales, exhibits a curious behaviour in the middle altitudes 

of Venus. From radio scintillation experiments Woo et al. (1982) deduced a value 

of ~0.2 m2 s" 1 at 45 km altitude (45°N), whereas in the 51-56 km altitude a much 

larger value is required in order to represent convective mixing. Convective activity 

was observed at low latitudes (see figure 2.3) by the Vega balloons (Blamont et al., 

1986) and further postulated in Schubert (1980) based on observations of unstable 

stratification in the lower cloud levels. The value of eddy diffusion coefficient adopted 

for those altitudes is hence ~ 140 m2 s" 1 based on calculations from the observations 

of static stability by Imamura and Hashimoto (1998). Photochemical modelling 

above the cloud levels by Krasnopolsky and Parshev (1983) and Yung and DeMore 

(1982) resulted in a coefficient of 2 m2 s" 1 above the 60 km level. The characteristic 

time for vertical diffusion is given by H2/K, where H is the scale height of the 

atmosphere and K the eddy diffusion coefficient. The scale height decreases from 

~7.8 km at 40 km altitude to ~5.8 km at 60 km altitude. Hence, below the clouds 

the vertical mixing time scale is ~ 3500 days, in the convective region ~4 days and 

at the cloud-top ~ 200 days. Schubert (1980) included turbulence and small-scale 

upwelling and downwelling in his models of the equatorial cloud region in order to
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explain the Pioneer Venus observations. Based on the great uncertainties on the 

small scale dynamical effects and their unknown interaction with the well-defined 

photochemistry regions, the idea of vertical transport bringing species from the lower 

Venus cloud to the cloud-top region seems reasonable and adapted in the remainder 

of this discussion as valid. The transport of SO2 from below the clouds to higher 

levels due to atmospheric motions is also favoured by Na and Esposito (1997), from 

their recent UV observational campaign of Venus.

In conclusion, a tentative explanation both for the presence of excess water 

vapour and sulphur dioxide at lower cloud levels and their vertical transport has 

been discussed. Wet spots may therefore appear at the cloud tops, as postulated by 

a number of scientists whose work was presented in chapter 2, e.g. Barker (1975b); 

Oyama et al. (1980); Surkov et al. (1982); Revercomb et al. (1985). However, 

the argument is not completed here. In order to fully understand the PV OIR 

observations we are further required to explain the disappearance of the wet spot in 

the evening equatorial Venus cloud-top atmosphere.

6.3 The disappearance of wet spots

In figure 5.6, due to the smaller binning of the observational data compared to 

previous works, a significant westward trend with increasing latitude was revealed 

in the shape of the wet spot. As a first glance, it might look as if a poleward 

wind has transported material from the sub-solar point northwards and the super- 

rotational zonal wind has transported it westwards. In this section, we discuss why
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such dynamical explanations fail to completely encompass the problem.

The prevailing zonal wind at the equatorial latitudes and altitudes is westwards 

at 90-100 m s" 1 so it it would take ~15-20 minutes for an equatorial parcel of air 

to travel 1° westwards, or to cover ~ 105 km. As was seen from figure 1.8 there is 

a strong decrease of the super-rotational wind with increasing latitude with wind 

speeds decreasing to 40-80 m s~ l at 30-50°N. So, in mid-latitudes, it would take 

~20-45 minutes to travel 1° westwards. Now, the poleward circulation of Venus 

has been revealed through near-infrared cloud images at 50 km altitude (Belton 

et al., 1991; Carlson et al., 1991) and through UV cloud motion tracking at 65 km 

altitude (Del Genio and Rossow, 1990). The poleward velocity was found to be of 

the order of 2-5 m s" 1 . Each latitude degree is ~210 km so a parcel of air will take 

~1.2 days to travel 1° northwards. It becomes clear that the zonal wind component 

completely overtakes the northwards one.

In addition, the wet spot was observed for three solar hours, or 45° in solar 

longitude (4725 km), as seen in figure 5.6. Assuming an equatorial zonal wind of 100 

m s" 1 , an air parcel will have to travel ~13-14 hours in order to cover the distance. 

During this time frame, the excess water has to vanish from satellite view, as can 

been seen in the figure. If the water vapour did not disappear then the zonal winds 

would quickly transport it around the planet and the PV OIR observations would 

show an zonal equatorial region water vapour enhancement. However, no such zonal 

enhancement is observed in the data which testifies that the water vapour must be 

depleted within -13-14 hours from the sub-solar point.
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Two simple mechanisms are proposed for the water vapour disappearance; firstly, 

that water vapour condenses onto H2 SO4 droplets within a few hours and hence 

cannot be observed in the infrared range anymore and secondly, that an "avalanche" 

effect takes place, with water vapour condensing onto H2S04 droplets, changing the 

delicate balance of the Venus cloud composition and changing its cloud-top pressure 

and overall cloud structure. In the following, we discuss these two ideas in turn.

In order to discuss the possible sinks of water vapour in the Venus cloud system, a 

description of the photochemical creation of H2SO4 is required. After (Krasnopolsky 

and Parshev, 1983), the H2SO4 cycle is described by:

SO-2 + hv —> 50 + 0

SO2 + O + C02 —> 503 + CO2

S03 + H2O —> H2SO4

SO + SO —» SO2 + 5

If the droplets are 85% H2 SO4 by weight, then the above reactions can be 

summarised in the following:

4- 4#20 — > 2 (#2504 '

The net result of the H2 SO4 cycle is given by Krasnopolsky and Pollack (1984) 

o QQ 4. 2 hv — > 2 503 + 5 which basically divulges that the produc­ 

tion rate of SO3 is this equal to 2/3 of the photodissociation rate of SO2 . As 

result three SO3 molecules can remove four H2 O molecules in order to createa
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75% H2 SO4 droplets. A simple calculation will now persuade us that the time 

required for this chemical scheme to absorb 100 ppm H2 O is far too long to confirm 

the observations. The production rate for SO3 at noon equatorial conditions is 

4.4xl013 molec cm~2 s" 1 (Krasnopolsky, 1986) and as 100 ppm of water vapour 

is equivalent to ~1.5xl020 molec cm~2 , it will take about 150 days to completely 

deplete it. Another possible sink of water vapour is its direct condensation onto 

existing H2SO4 droplets. This is an almost instantaneous process, with respect to 

the timescales considered, that decreases the sulphuric acid particles' acidity and 

size. However, we have performed basic numerical calculations based on the one- 

dimensional models developed by Irwin and Taylor (1996). These irrevocably showed 

that, after an initial sharp decline in the amount of free water vapour (of the order of 

a few pr /mi) and the re-equilibration of the Venus cloud system, no great amounts 

of water vapour can be lost due to this process, and photolysis soon takes over as 

the dominant depletion mechanism.

Hence, unless there exists a more important chemical scheme inside the cloud 

region that depletes H2 O fast, chemistry alone cannot be expected to explain the 

PV OIR observations. In the following section, we revisit Venus' cloud and, through 

a composite figure, try and examine the second possible idea for the water vapour 

disappearance.



6.4 Venus' cloud revisited 140

6.4 Venus' cloud revisited

In order to fully investigate the relative balance between water vapour and cloud 
characteristics, the combined observations of water vapour and cloud-top pressure 
from both instruments will be discussed qualitatively. To aid this endeavour, fig­ 

ures 6.1 and 6.2 were created. The cloud-top pressure and water vapour retrieved 
results from both satellites are shown on the same scale. The blue markers are the 
PV OIR observations and the red markers the Venera 15 observations.

In figure 6.1, the difference between the behaviour of the cloud-top pressure in 
the two observational data sets is evident. Starting with the Venera 15 cloud (red 
colour); it shows a decreasing trend from the late afternoon/early evening region 
(320° to 240°E) through the night (not covered) towards the morning terminator 
(90°E). Even though the large error bars prohibit a clear statement to be made, 
the Venera 15 water vapour (red colour) is simultaneously low in the evening 
terminator region (320° to 240°E) during which time the cloud-top pressure reaches 
maximum value and slightly higher in the morning terminator region during cloud- 
top pressure minimum (figure 6.2.) This observation seems to conflict with the 
tentative assumption that if the cloud-top pressure decreases, water vapour will 
be "shielded" from view due to the cloud hiding it. The change of cloud-top 
pressure indicates a change in the mass loading of the atmosphere due to cloud 
droplets. The mass loading changes can be attributed to more reasons other than 
the condensation of free water vapour in the atmosphere. Krasnopolsky and Pollack 
(1984) quote in their conclusions that "a strong gradient of the H2SO4 vapour mixing
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ratio near the bottom of the cloud layer drives a large upward flux of H2 SO4 which 

condenses and forms the excess downward flux of liquid sulphuric acid." So, the 

Venera 15 cloud-top pressure observations may even prove to be indirect evidence 

for aH2 SO4 "rainfall".

A different picture emanates from the PV OIR observations, as seen in the two 

composite figures 6.1 and 6.2. A more steady cloud-top pressure in the daytime 

(90° to 300°E) with the nighttime decrease around the evening terminator, which is 

coupled with the lowest fractional scale heights. This indicates, as in the Venera 15 

results, that the composition of the cloud may have changed during the Venus day 

in accordance with the unit optical depth region. With respect to the water vapour 

abundance, a different perspective would be to note that there exists a background 

value of 20-40 ppm with localised enhancements of up to 100 ppm in the equatorial 

day-side. One might hence postulate that during the PV OIR visit, an upwelling of 

water vapour from lower cloud layers was observed, whereas during the Venera 15 

visit Venus' middle atmosphere reverted back to typical water vapour abundances 

with the cloud showing distinct features.

Even though the Pioneer Venus and Venera era observations pointed to a hori­ 

zontally stratified and well-defined cloud region, the PV OIR and Venera 15 experi­ 

mental results do show inhomogeneities in the cloud's temporal and spatial structure. 

Fresh remote sensing observations, coupled with a full scale photochemical and 

dynamical model, will provide in the future the answers to the interesting questions 

posed in this chapter.
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6.5 Synopsis

In this chapter, the following physical explanations were developed and qualitatively 

discussed; H2 SO4 vapour dissociates in the lower Venus cloud, around 38-40 km, 

and H2 O and SO2 are produced. These may be uplifted to the upper Venus cloud 

region via the convective region centred at 50-55 km and small-scale turbulence in 

the middle cloud region, possibly creating a short-lived water vapour enhancement. 

H2 SO4 droplets form in a well-defined thin layer at the cloud-top, around 60 km, 

destroying both H2 O and SO2 , but not in the rates required to explain the sharp 

disappearance of ~50-60 ppm water vapour in the early evening Venus middle at­ 

mosphere observed by PV OIR . On the contrary, the cloud-top pressure exhibited a 

well-defined structure during the Venera 15 encounter, coupled with low background 

H2 O abundances. We can only conclude that the H2 SO4 cloud in Venus' middle 

atmosphere, irrespective of its omnipresence, shows temporal and spatial variations 

that remote sensing instruments are sensitive to. The findings of the Near Infrared 

Mapping Spectrometer, NIMS, which observed the 2.3 //m spectral window during 

the Galileo fly-by (Carlson et al., 1991), indeed revealed that the clouds of Venus are 

highly horizontally, as well as vertically, inhomogeneous. The origin of the contrasts 

is probably due to variable condensation of cloud material in large-scale cumulus- 

type dynamics in the deep atmosphere of Venus (Taylor, 2002). Hence, a high 

spectral, and mainly altitude, resolution instrument that would cover globally the 

equatorial and mid-latitudes regions might provide the comprehensive information 

required to understand the physics at work inside the H2SO4 cloud.
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With respect to the photochemical model, the Venus cloud region chemistry 

is too complicated for one dimensional models to be able to encompass all the 

photochemically active processes, even though earnest efforts have been made in the 

past, e.g. by Winick and Stewart (1980) and Yung and DeMore (1982). The Winick 

and Stewart (1980) model focused on explaining the SO2 observations made by 

the Pioneer Venus instruments and kept the water vapour profile fixed at 1 ppm. 

They note that since they do not include heterogeneous processes in their model, 

such as H2SO4 droplets creation, a fixed 1 ppm of H2O will cause little error since 

H2O interacts slowly with other species. The Yung and DeMore (1982) model also 

assumes an upper limit of 1 ppm for H2 O for the entire stratospheric region between 

58 and 110 km. Both these models are one-dimensional and hence, even if they did 

focus on the H2 O chemistry, would not have provided us with the latitude/longitude 

predictions for H2 O required to explain the observations. The Krasnopolsky and 

Pollack (1984) model, much discussed throughout this chapter, highlighted that 

small deviations in water vapour abundance are sufficient for a complete discrepancy 

with experimental data. A two-dimensional chemistry model with a lower boundary 

at the bottom cloud levels, around 45 km, with small-scale dynamical activity 

incorporated, would complement nicely any satellite UV or infrared remote sensing 

observations of the middle Venus atmosphere.



Chapter 7

Conclusions

In the beginning of this chapter, the basic aims of the thesis and the associated 

results are summarised followed by a brief discussion on the main limitations en­ 

countered during the course of this work. At the end, future exploration plans 

and how they will further address the mystery of the Venus cloud-water system are 

briefly touched upon.

7.1 Synopsis

The main aim of this thesis was to reconcile the differences between the previous 

results of the PV OIR and Venera 15 FTS experiments, through a common retrieval 

of the observations. An equally important aim was to validate the presence of a 

local water vapour enhancement in the equatorial region observed during the PV

OIR mission.

Both these aims have been achieved through the development and use of a new

145
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forward model that utilises the correlated-k treatment for calculating the absorption 

coefficients of the infrared gases active in Venus' middle atmosphere. The extinction 

coefficients that characterise the contribution of the H2 SO4 cloud to the observed ra­ 

diation were calculated anew using up-to-date refractive index data, where available. 

For the regions of no availability of new refractive indices, correction coefficients were 

successfully retrieved. Associated with the new forward model, a modern optimal 

estimation retrieval technique was employed in order to optimise the treatment of 

measurement and retrieval errors.

The work presented in this thesis verifies the results that previous, separate 

analyses had reached, i.e. the works of Schofield et al. (1983) and Ignatiev et al. 

(1999), which have been amply discussed in the text. The differences between 

the original results can now be attributed to different conditions in Venus' middle 

atmosphere during the length of the two missions. We discussed in section 3.3 

that the general features of Venus' atmosphere, e.g. isothermal low and middle 

latitudes, strong constant super-rotational winds, omnipresent sulphuric acid clouds, 

etc. are expected to remain stable during the visits of the two spacecraft. However, 

annual fluctuations in particular aspects of the Venus atmosphere have long been 

established, e.g. the decline in the cloud-top abundance of SO2 between 1978 and 

1986 reported by Esposito et al. (1988). Furthermore, in chapter 2 we have seen 

that diurnal temporal and local variations of water vapour abundance have also 

been reported in literature. Hence, the results of chapter 5 should not surprise us. 

We are confident that the presented work has completed a full cycle of analysis on
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the PV OIR and Venera 15 observations.

The main features of Venus' middle atmosphere revealed by the common analysis 

of the PV OIR and Venera 15 observations are as follows; the temperature structure, 

as seen by both instruments, was found to be almost isothermal with variations of 

5-10 K. The cloud-top pressure has a minimum of ~110±10 mbars in the evening 

equatorial region and a maximum of ~160±12 mbars in the morning mid-latitude 

regions in the PV OIR data. In the Venera 15 observations, the cloud-top pressure 

increases steadily after the morning terminator from ~120±10 to 200±30 mbars in 

the late afternoon/early evening region. The day-night variation in water vapour 

abundances seen by the PV OIR instrument was found to fluctuate from 10±5 ppm 

at night up to 85-95±15 ppm in the equatorial region right after the sub-solar point, 

the wet spot region. The mean Venera 15 water vapour abundances were found to 

be of the order of 12±5 ppm with no clear day-night distinction.

7.2 Limitations

The main limitation of any remote sounding radiative transfer study is the un­ 

certainty on the physical information required in order to describe the observed 

atmosphere. Even though our general knowledge of the middle atmosphere of Venus 

is quite impressive, numerous details are still not available.

The key drawback for this analysis, in both PV OIR and Venera 15 observa­ 

tions was the insufficient knowledge of the optical property characteristics of the 

H SO aerosol in the longer wavelengths, around the 45 /um fundamental water



7.3 TheJFuture _______________________________148

vapour absorption band. Compensating measures were adopted both in this work 

and the previous ones, by Schofield et al. (1983) and Ignatiev et al. (1999). 

This specific uncertainty (an estimate of 10% on the absorption coefficient is given 

in Jones (1976)) precluded more accurate investigations into the H2 SO4 cloud, e.g. 

changes in the acidity of the droplets (% of H2 SO4 ), changes in the mean droplet 

radius, multi-modal clouds (more than one cloud distributions contributing to the 

observed radiance), impurities within the cloud aerosol particles, etc. Without 

precise optical properties it would be unreasonable to expect to retrieve such cloud 

features in great detail from the PV OIR and Venera 15 observational data.

7.3 The Future

Even though traditionally this section is reserved for suggestions on follow-up work 

to the presented thesis, we believe that twenty years of analysis of the PV OIR 

and Venera 15 data have exhausted most possibilities of novel approaches. Apart 

from a re-analysis using new H2 SO4 cloud optical properties data at long infrared 

wavelengths, if and when those become available, there would appear to be little 

more that can done with the existing data to address the question of water vapour in 

the middle atmosphere of Venus. However, after working with these two datasets for 

the past three years, a few recommendations can be made regarding specific require­ 

ments of future remote sensing experiments studying Venus' middle atmosphere.

In order to understand the cloud system, we believe that a high spacial (~1 km) 

and spectral resolution nadir-viewing infrared spectrometer is paramount. In view of
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the narrow photochemical destruction and creation layers and the inhomogeneity of 

the Venus main cloud deck, a 1-kilometre altitude resolution would also be important 

for the 40 to 65 km altitude region. This resolution could be attained by a limb- 

viewing spectrometer. Simultaneous observations via an ultraviolet spectrometer 

would enable the precise classification in terms of size, acidity and distribution of 

the Venus aerosol droplets. Hence, the combined radiative transfer analysis from 

these simultaneous observations of the Venus middle atmosphere would provide 

the necessary understanding of the fascinating Venus cloud system and permit the 

confident retrieval of water vapour abundance.

The proposed European Space Agency Venus Express mission will carry a num­ 

ber of instruments to explore Venus' atmosphere and surface geology from orbit. 

Among them, a high resolution IR Fourier spectrometer, a UV and IR spectrome­ 

ter for solar occultation and nadir observations and a UV-visible-near IR imaging 

spectrometer are bound to shed light on the fascinating and important question of 

water vapour in Venus' middle atmosphere.
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Table A.2: Water vapour mixing ratios [ppm] observed by Venera 11 (Young et al., 
1984).

A.I The importance of a priori information re­ 
vealed

The nature of remote sounding poses a few constraints on the analysis of the 
measurements obtained. The main one is that sensible a priori knowledge of 
the observable system is required in order to acquire the information that the 
remote sensing measurements have to offer. Two examples are presented below 
for information purposes.

The Venera 11 0.7 to 1.2 //m spectra were re-analysed by Young et al. (1984) 
following up the work of Moroz et al. (1979a). By calculating synthetic spec­ 
tra, they tried to combine the existing models of Moroz et al. (1979b) with the 
measured spectra giving a profile for the water vapour mixing ratio as shown in 
Table A.2. Moroz et al. (1979a) and Moroz et al. (1979b) used a less detailed 
method of treating molecular absorptions, while laying emphasis on scattering. 
On the other hand, Young et al. (1984) paid particular attention to the molecular 
absorptions and conversely made only an approximate allowance for scattering. The 
difference between the predicted water vapour volume mixing ratio is staggering, 
not only in absoluter magnitude terms, but mostly in variation of the species 
with altitude. Moroz et al. (1979a) predict a significant enhancement in the main 
cloud region centred at 60 km, with decreasing abundance towards the surface, 
whereas Young et al. (1984) predict a water enhancement right under the main 
cloud deck with strong depletion inside the cloud region.

On a similar issue, Donahue and Hodges (1992) analysed in detail the Pioneer
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Venus large-probe neutral mass spectrometer data and concluded that the abun­ 

dance of Venus deuterium as being two orders of magnitude larger than that of 

terrestrial deuterium. They also report that the mixing ratio for water increases by 

a factor of four between 0 and 10 km to a value of 67 ppm and drops to 10 ppm 

above 50 km. In a later analysis, Donahue and Hodges (1993) report a microleak 

of gases in the experiment which has mislead them in the previous assessment that 

there exists a sharp near-surface gradient for H2 O and revise their value to 28 ppm 

constant with altitude below 25 km.

Both these examples have rendered us very careful when constructing the math­ 

ematical and computational formalism that would permit us to analyse the PV OIR 

and Ve.ne.ro, 15 data. Numerous tests have been performed at each stage of the 

retrieval process in order to verify the validity of particular choices made. Most of 

these are discussed in the main text of this thesis.
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Radiative Transfer and Retrieval 

Equations

B.I Levenberg-Marquard Method

Levenberg (1944) proposed the following iterative method:

1 JCT (y - yn ) (B.I) 

where, Az is chosen in each step to minimise the cost function, <j>. 

9 If \. _>. o the step tends to Gauss-Newton's method.

0 If \ _> oo the step tends to the steepest descent but the step size tends to

zero.

This method is computationally expensive since yn has to be evaluated at each 

iteration. Marquardt (1963) simplified it by not trying to find the best Xi at each 

iteration but starting a new step as soon as a value that minimises <j> is found. An 

arbitrary A; is initially used. Press et al. (1995) further simplified the Marquardt- 

Levenberg idea as follows:
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• If 0 increases, increase Aj, do not update Xi and try again.

• If </> decreases, decrease Aj, update Xi and move to the next step.

The factor by which A is increased or decreased is a matter of experimenting in 

each particular case. Marquardt (1963) suggested a factor often either way. Fletcher 

(1971) proposed a factor of two for reducing A and a factor between 2 and 10 for 

increasing it. In this work, we have arbitrarily chosen to decrease A by 0.3 and 

increased it by 10.

B.2 Different retrieval methods

The analysis performed by Schofield and Taylor (1982), Ignatiev et al. (1997) and 

this work aspire to the same thing, namely the inversion of the measured radiances to 

temperature, cloud and water vapour abundance profiles. However, three different 

mathematical retrieval techniques were used to achieve this goal and we deem it 

important to at least mention them and discuss their subtle but possibly important 

differences.

The Statistical Regularisation

In the work of Ignatiev et al. (1999) , the formalism of Ustinov (1991), known in 

Russian literature as "the statistical Regularisation" , was used to solve the inverse 

problem. This technique is based on the idea of using a priori information in order 

to regularise the solution of the inverse problem, very similar to the Rodgers (1976) 

technique. Both fall under the "linear relaxation" school of techniques for solving 

equation 4.1. However, Ignatiev et al. (1999) have used a slightly different iterative 

equation in lieu of equation 4.26.
Replacing x0 by xit the iteration reduces to:
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(B.2)

where, ft = (S~ l + /Cf S,- 1 /

If this equation converges, the solution will satisfy:

x = x + Gi [y- F(Xi )] (B.3) 

which is clearly a non-optimal "exact" solution, for which y = Ffa).

Non-linear Relaxation Methods

In Schofield and Taylor (1982) and Schofield et al. (1983) a non-linear relaxation 

technique was used based on the Twomey-Chahine Method (e.g. Twomey et al. 

(1977), Chahine (1972), Smith (1970)). The temperature and two-parameter cloud 

model are retrieved using first-guess models and a sophisticated iterative and relax­ 

ation technique, briefly reproduced below.

A two dimensional iteration for unit cloud optical depth, cpO, and fractional 

scale height, he, was used to find the optimum cloud model and temperature profile 

by minimising the weighted residual:

2 (B.4)

where, R(cpQ, he) is the weighted residual to be minimised, y is the measured 

radiance y is the forward modelled radiance and 5e is the measurement error. The 

iterative process had to manually be stopped after a specified number of relaxations 

as convergence was being reached. The nature of the relaxation scheme shown in 

equations B.5 made the shape of the retrieved profile dependent on the first-guess
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profile and the shape of the weighting functions1 . A very similar relaxation scheme 

was developed for the water vapour abundance retrievals, which were performed 

as a separate second step using as input the already retrieved cloud structure and 

temperature profile.

Tn+l = TnF1>n (B.5)
_ , F2 ,n )l 'n " (B ' 6)

(B.7)

where, W are the weighting functions and B~^ is the inverse Planck function 

calculated for the measured and modelled radiances.

the nature of our retrieval scheme explained in section 4.4 makes the retrieved 
profidependent on the a priori profile and on the averaging kernel, /C-matrix.
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Line Strengths

In this section, the line strengths (S in equation 4.11) for the radiatively active 

species in the infrared region of interest are shown in the four following figures. These 

line strengths are derived from the Hitran 96 spectroscopic data base (Rothman 

et al., 1998). Note that the best indicator for the relative importance of each species 

is comparing the line strengths directly.

gas: 2 ( CO2 ), Isotope: 0 (ALL) , 19211 linesdata base: hitran96
————i——i—i—i—i—i—i—|—i—l—l—i—i—l—l—l—i—|—l—l—i———l———————————————————————————————————
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Figure C.I: CO2 line strengths in cm" 1 /molecule cm,-2
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Figure C.2: E^O line strengths in cm" 1 /molecule era .
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