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Abstract

The cause of the inhomogeneous absorption observed in the Venusian clouds at near-ultraviolet
wavelengths has been a significant question in the field of Venusian research for decades. Many
possible chemical species have been proposed as the cause of the so-called “unknown UV
absorption”, but none have been conclusively proven to be able to explain the observations. In

this work, two candidates are considered: OSSO and ferric chloride (FeCls).

Cis-OSSO and trans-OSSO, two isomers of S;0,, are expected to be produced in the Venusian
mesosphere by the third body recombination reaction of two SO molecules. Their combined
predicted absorption cross-sections have been reported to provide a good match to the spectrum
of the unknown absorber, but 1D models suggest only low concentrations would be produced. 3D
chemical and dynamical modelling was carried out to investigate the concentrations of OSSO
likely in the Venusian atmosphere. The injection of additional SO from ablation of meteoric
material was also modelled. The resulting concentrations were used in a radiative transfer model
(SOCRATES), and the OSSO found to be able to explain less than 1% of the observed near-UV

absorption.

FeCls has been proposed to explain the absorption if present in the micron-radius cloud droplets.
However, representative absorption spectra of FeCls are not available in the literature. Laboratory
experiments to measure the absorbance of ferric chloride in sulphuric acid were performed, and
the absorption spectrum measured over time. The resulting spectra were used in the SOCRATES
model, and the observations satisfactorily reproduced by 2 — 3 wt% FeCls in the sub-micron
(“mode 1”) cloud droplets. By comparison with the predicted chemical formation and
accumulation of FeCls in the atmosphere from the reaction of Fe ablated from cosmic dust with

gas-phase HCI and CI, ~40 % of the observed absorption can be explained by FeCls.
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Abbreviation | Term Description
"y The set of H,SO4/HCI/FeCl; samples produced in
August 2024. See Table 4.1 for concentrations.
. . Defined as 1/12" the mass of carbon-12. The
amu atomic mass unit ) .
equivalent of a molar mass of 1 g mol™.
. ] 149 597 870 700 m. The approximate average
AU Astronomical Unit
distance between the Earth and Sun.
CON Cloud Condensation Small particles onto which a liquid phase can
Nucleus/Nuclei condense heterogeneously to form cloud particles.
Cryogenic Echelle .
CSHELL An instrument at NASA IRTF.
Spectrograph
Deutsches Zentrum fiir
DLR The German aerospace centre.
Luft- und Raumfahrt
European Space ]
ESA Europe's intergovernmental space agency.
Agency
Fabry-Perot _ )
An instrument at the Anglo-Australian IR
FIGS Interferometer Grating
Telescope.
Spectrometer
3D planetary models that aim to capture the
GCM Global Climate Model | dynamics and chemistry of a planetary
atmosphere.
High Resolution A database of molecular spectroscopic data.
HITRAN o _ )
Transmission Available via Gordon et al. (2022).
Hubble Space o
. The imaging system on the Hubble Space
HST/STIS Telescope Imaging
Telescope.
Spectrograph
_ An international non-governmental organisation
International _ )
IAU _ _ focused on promoting and safeguarding astronomy
Astronomical Union
and related science.
Institut fiir The Institude for Computer and Network
IDA Datentechnik und Engineering at Technische Universitit
Kommunikationsnetze | Braunschweig.
IPSL Institut Pierre-Simon An environmental science research consortium of
Laplace nine laboratories in Lle-de-France.
The region of the electromagnetic spectrum from
IR Infrared

750 nm — 1 mm.
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The 1-um camera on JAXA’s Akatsuki orbiter,

IR1 1-ym camera . .
imaging at 0.90, 0.97, and 1.01 pm.
The 2-um camera on JAXA’s Akatsuki orbiter,
IR2 2-pm camera . .
imaging at 1.74, 2.26, and 2.32 pm.
InfraRed Telescope L B
IRTF NASA's IR telescope facility in Hawaii.
Facility
ISAV A nephelometer (ISAV-A) and UV spectrometer
(ISAV-S) on the Vega landers.
Japan Aerospace . .
JAXA . The Japanese national air and space agency.
Exploration Agency
James Clerk Maxwell . .
JCMT A sub-mm telescope in Hawaii.
Telescope
Johns Hopkins
JHU APL University Applied A research centre in Maryland, USA.
Physics Laboratory
The optical particle sizing instrument on the
Large probe Cloud _
. ) Pioneer Venus Large probe. It recorded the
LCPS Particle Size
measurements on which the Venus cloud model is
spectrometer
based.
LSA A particle size spectrometer on the Vega 1 and 2
landers.
Mercury Atmospheric
One of the instruments on MESSENGER,
and Surface o o
MASCS o consisting of a UV-Visible spectrometer and a
Composition o
Visible-IR spectrograph.
Spectrometer
MDIS MESSENGER Dual A system of two cameras (wide angle and narrow
Imaging System angle) on MESSENGER.
Master Equation Code to perform kinetic calculations of predicted
MESMER Solver for Multi- rate constants. Available via Glowacki et al.
Energy well Reactions | (2012).
Mercury Surface,
Space, Environment, A NASA spacecraft launched in 2004 to study
MESSENGER _ _
Geochemistry and Mercury from orbit.
Ranging
MIF Meteoric Input The altitude dependent input flux of metal atoms

Function

or ions from ablated meteoric material.




XX1X

Mass mixing ratio

Abundance of a species as a fraction of the total

mass of air.
Max Planck Institute . o
An astronomy and astrophysics research institute
MPS for Solar System .
in Germany.
Research
MSP Meteoric smoke The products of meteoric dust that has entered a
particles planet's atmosphere and ablated.
N3 The set of H.SO4/HCI/FeCl; samples produced in
November 2023. See Table 4.1 for concentrations.
National Aeronautics . .
United States of America government space
NASA and Space
.. . agency.
Administration
Near-Infrared .
NIMS _ A spectrometer on Gallileo.
Mapping Spectrometer
Ultraviolet wavelengths just shorter than visible
NUV Near-Ultraviolet _
light (300 — 400 nm).
OCPP Orbiter Cloud Photo- | The cloud polarimetry instrument on the Pioneer
Polarimeter Venus Orbiter.
PCM Planetary Climate The name given to the Venus 3D atmospheric
Model model developed at IPSL.
' A description of the energy of a system of
Potential Energy .
PES molecules used to determine the lowest energy
Surface
(most stable) state.
ppm parts per million Mixing ratio of 1 x 10,
ppb parts per billion Mixing ratio of 1 x 107,
. Sulphur-and-oxygen-containing molecules with
PSO Polysulphur Oxides
atomic formule S,0.
RRKM Rice-Ramsperger- A method of calculating reaction rates from the
Kassel-Markus reaction PES using statistical rate theory.
Suite Of Community o )
o The radiative transfer module designed for use
Radiative Transfer . )
SOCRATES with the Unified Model developed by the UK Met
codes based on
Office.
Edwards and Slingo
SOIR Solar Occultation in A solar occultation IR spectrometer on Venus

Infrared

Express, part of the SPICAV instrument.
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Spectroscopy for the

Investigation of the

A suite of three spectrometers (SPICAV UV,

SPICAV o SPICAV VIS-IR, and SPICAV SOIR) on Venus
Characteristics of the
Express.
Atmosphere of Venus
) The camera on the Galileo space craft, with eight
SSI Solid State Imager .
wavelength filters in the 350 — 1100 nm range
The standard unit meteoric flux is reported in.
td! tonnes per Earth day Units are in metric tonnes and Earth days,
regardless of the planet being described.
Texas Echelon-cross-
TEXES An instrument at NASA IRTF.
Echelle Spectrograph
Used when referring to observations from above
Top Of the . )
TOA the atmosphere. It is refers to the highest level of
Atmosphere )
an atmospheric model.
Region of the electromagnetic spectrum between
uv Ultraviolet o .
x-rays and visible light (10 — 400 nm).
. An imager on the Akatsuki orbiter which takes
UVI Ultraviolet Imager
photographs at 283 and 365 nm.
A form of spectroscopy, generally usin
UV-Vis Ultraviolet-visible P ' by & Y s
wavelengths of light between 800 and 200 nm.
vd Venus days Venus solar days, equal to 116.75 Earth days.
VeG Two spacecraft, launched in 1984 to investigate
eGa
both Venus and Halley's comet. Venera-Gallei is
VEGA Venera-Gallei S _
v an anglicisation of Benepa-I'amneii, the Russian
ega
s words for Venus and Halley.
Radio science instrument for radio occultation,
Venus Express Radio _ o o
VeRa _ _ surface investigation, and gravitational field
Science experiment
measurements on Venus Express.
VEx Venus Express ESA Venus orbiter, launched in 2005.
A compilation of observations from the Pioneer
VIRA Venus International Venus missions and earlier (VIRA 2 also includes
Reference Atmosphere | Venera) and a model to generalise the observations
(Keating et al., 1985; von Zahn & Moroz, 1985).
Visible and Infrared A spectrometer on Venus Express with three
VIRTIS Thermal Imaging channels, split into Mapping (2 channels) and

Spectrometer

High-resolution (1 channel) (see below).
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Visible and Infrared

Thermal Imaging

VIRTIS-H . The high resolution VIRTIS channel (2 — 5 pm).
Spectrometer - High
resolution
Visible and Infrared o
. The visible (0.25 — 1 pm) and IR (1 — 5 pm)
Thermal Imaging . .
VIRTIS-M channels of the VIRTIS instrument, dedicated to
Spectrometer - .
. mapping.
Mapping
o A camera on the Venus Express orbiter with four
Venus Monitoring
VMC wavelength filters, centered at 365 nm, 513 nm,
Camera
965 nm, and 1.0 um.
Abundance of a species as a fraction of the total
vmr Volume mixing ratio moles of air. Due to the ideal gas law, molar
fraction and volume fraction are equivalent.
W1 theory with
Ibd unrestricted coupled A method of estimating the energy of reactions
w
cluster and Brueckner | and transition states.
Doubles
. Mass fraction of a species in a solution as a
wt% weight percent

fraction of the total mass of the solution.







1. Introduction: the Venusian unknown UV absorber

1.1 Statement of the problem
While broadly featureless at visible wavelengths (Figure 1.1a), distinct dark and bright regions

are visible across the whole planet when Venus is viewed at near-ultraviolet (NUV) wavelengths
(Figure 1.1b). These contrasts, which occur due to the presence of an absorbing species (or
mixture of species) within the generally bright and reflective cloud layer, were first observed by
Earth-based observation (Ross, 1928; Wright, 1927; Figure 1.2). They were initially assumed to
be caused by sulphur in the atmosphere (Hapke & Nelson, 1975), but later space missions and
ground-based observation found no indications of sulphur particles (Pollack et al., 1979; Ragent
& Blamont, 1980). Various candidates for the cause of the absorption have been proposed since
then (e.g Pérez-Hoyos et al., 2018, and references therein), but none have been conclusively
proven to be the cause of the contrasts, and the identity of the so-called “unknown UV absorber”

remains one of the largest open questions in the study of Venus to this day (Titov et al., 2018).

Figure 1.1. Images of Venus a) at 630 nm, showing most of the dayside of Venus and recorded
by the spacecraft MESSENGER during its approach (NASA/JHU/APL, 2007a, 2007b) and b) at
365 nm, recorded by the Venus Monitoring Camera on the Venus Express orbiter, showing the

southern polar region (ESA/MPS/DLR/IDA, 2008; Svedhem et al., 2007).
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Figure 1.2. A section of Plate I from Ross (1928). A series of UV photographs of Venus taken in
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1927. While the resolution is poor, bright regions near the poles (top and bottom of each disc)

and generally darker low latitudes are apparent.

The planet is commonly imaged at NUV wavelengths by space missions, and spectra are
occasionally recorded (Figure 1.3). The UV absorption is broad, centred at around 360 nm and
extending from 300 — 500 nm and likely beyond (Pérez-Hoyos et al., 2018). The unknown species
is a dominant contributor to the total absorbed solar energy (Titov et al., 2018), so accurate
modelling of its properties, location, and variation are key to fully understanding the energy

balance of Venus (Crisp, 1986).
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Figure 1.3. From Pérez-Hoyos et al. (2018). Measured optical properties (circles) of the
Venusian UV absorber calculated from spectra recorded by MASCS/MESSENGER during its
2007 Venus gravity assist manoeuvre compared to prior values (triangles) from Pollack et al.

(1980) (imaginary refractive index) and Haus et al. (2016) (normalised optical depth).

The main aim of this thesis is to make contributions to the identification of the unknown UV
absorber by investigating two promising candidates: the combination of two isomers of disulphur
dioxide, S,0: (cis- and trans-OSSO, “OSSO” collectively), and ferric chloride (FeCls). An
overview of Venus (Section 1.2), the clouds where the absorption originates (Section 1.3), and the

observed absorption (Section 1.4) provide background to understand the problem before the two
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candidates are discussed in more detail. Venusian sulphur chemistry is outlined in Section 1.5.2
and investigated through modelling work using 3D dynamical and photochemical modelling and
1D radiative transfer modelling (Chapter 3). Chapter 2 contains an overview of the models used.
A combination of laboratory studies (Chapter 4) and modelling (Chapter 5) are used to investigate

FeCls. The results are summarised, and potential future work discussed in Chapter 6.

1.2 Overview and terminology of Venus
While Venus is termed a “terrestrial planet”, it differs from Earth in significant ways, and

comparisons or use of Earth terminology to refer to Venus is often counterintuitive or unhelpful.
Nevertheless, many terrestrial terms have been adopted and adjusted to apply to Venus in subtly

different ways than their original meaning.

This section aims to lay out the fundamental Venusian properties and the terminology used to

refer to them, and highlight where they differ from terrestrial definitions.

1.2.1 Rotation and orbit
Venus is the second planet from the sun, with a mean orbital radius of 0.72 AU, an orbital period

(year) of 224.70 Earth days, and an orbital eccentricity of 0.0067, the lowest of any planet in the
solar system. Venus’s axial tilt is low, 2.64° from parallel to its orbital axis, so Venus has negligible

seasonality (ESA, 2019).

Following the guidance set out by Commission 16 at the International Astronomical Union (IAU)
General Assembly in 1970 (Hall, 1971), the north poles of planets were formally defined by the
IAU Working Group on Cartographical Co-ordinates and Rotational Elements of the Planets and
Satellites in 1979 (Davies et al., 1980) as the rotational poles “on the north side” (the same side
as the Earth’s north pole) of the invariable plane (the plane perpendicular to the angular
momentum vector that passes through the centre of mass of the solar system). Davies et al. (1980)
also formalised the definition of rotational direction relative to the north pole. Following their
definition, the majority of the planets, including the Earth, have prograde rotation (anticlockwise
when viewed from above their north pole). Conversely, Venus has a retrograde rotation (clockwise

when viewed from above its north pole) (Davies et al., 1980; Hall, 1971).

Venus’s rotation is very slow compared to other planets. Earth has a sidereal day (one axial
rotation) of 23 hours and 56 minutes, a solar day (the time for the sun to return to the same point
overhead) of 24 hours, and a year of 365.25 solar days (equivalent to approximately 366 sidereal
days). By comparison, Venus has a sidereal day of 243.02 Earth days, a solar day of 116.75 Earth
days, and a year of 224.70 Earth days (0.92 Venusian sidereal days, or 1.92 Venusian solar days)
(ESA, 2019). Venus’s orbit, rotation, and the resulting relationship between solar and sidereal

days and the Venusian year are shown in Figure 1.4.
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Figure 1.4. Diagram of orbital and rotational periods of Venus. The passage of time to each
position (#) in Earth days and Venus solar and sidereal days and years are shown in the table in
the upper right corner. Positions with integer values of solar or sidereal days and years are in
bold in the table. The diagram is from above the Venusian northern pole. Venus follows an
anticlockwise orbit and a clockwise rotation. The red cross and dashed line show a fixed point
on the surface and normal to that surface. The combination of the orbit and rotation mean that
midday at the cross occurs in positions 1 and 5 in panel a), just over half a Venusian year apart,
with the planet having completed less than half a rotation (sidereal day). After one Venusian
year, the planet returns to its original position relative to the sun (panel b, position 8) at the top
of the diagram. Midday occurs again at position 9 (panel c) after just over a Venusian year, and
the planet completes one full rotation (sidereal day) when the planet has returned to its initial
orientation (dashed line vertically downwards in the diagram) in position 10 (panel d), after just

over two solar days and one year.

The other large impact of the opposite direction (and slow speed) of rotation compared to Earth’s
is that the morning and evening terminators are swapped — the sun rises in the western sky on
Venus, and the morning terminator is therefore the rightmost terminator when the illuminated disc
is oriented with the north pole upwards. This difference in terminators is illustrated in Figure 1.5.

For diagrams fixed in the reference frame of the planet (i.e., at fixed longitudes), the sun moves



from left to right across the figure. The opposite direction of rotation to the Earth’s means that the
prevailing zonal winds, which follow the planet’s rotation, are westward. The telluric sign
convention is generally used, where eastward winds are positive, so Venusian zonal winds are
generally reported as negative. For figures fixed in the reference frame of the sun (i.e., at fixed

local times), the planet’s rotation and the zonal wind direction is from right to left.
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Figure 1.5. The locations of the morning and evening terminators on a) Venus and b) a
simplified Earth, ignoring axial tilt, viewed from above their northern poles. The shaded regions
show the nightside of the planets. The green dot indicates an observer, stood at the morning
terminator (at a previous point in time, they would have been on the nightside of the planet
before it rotated to its current position) as the sun rises over the a) western or b) eastern horizon.
When the planets are projected to equirectangular latitude-longitude plots, or latitude-local time

plots, the local time axis is reversed for Venus.

The slow rotation of the planet means that Venusian local solar time, which depends on solar
zenith angle and uses a 24-hour Earth clock for ease of understanding, is not the same as the
amount of time that passes at a given location between two local times. An observer with a sundial
and stopwatch, stood stationary on the surface of Venus from, for example, 14:00 to 15:00 local
time (as measured by the sundial), would need to stand for 4 Earth days, 20 hours, and 45 minutes

(as measured by the stopwatch).



1.2.2 Atmosphere
As the best studied atmosphere is that of the Earth, the terminology used for atmospheres is

generally derived from terms for the Earth’s atmosphere, despite marked differences between it
and the atmospheres of other planets. Figure 1.6 shows a comparison of the atmospheres of Earth

and Venus (note the different ranges of temperature and altitude on the x- and y-axes).
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Figure 1.6. Temperature profiles and atmospheric layers of a) Earth (Pielke, 2024) and b) Venus
(Yung & DeMore, 1999). The green area in panel b) shows the variation in mesopause height

between the dayside and nightside of the planet.

The Earth’s atmosphere is divided into levels based on the temperature profile. Nearest the surface
(the troposphere), temperature decreases with height. Clouds in the Earth’s atmosphere mostly
occur within the troposphere, but some (such as cirrus, polar stratospheric clouds, or large thunder
clouds) can reach into the lower stratosphere. The region above the Earth’s troposphere is the
stratosphere, a region where temperature increases with height, resulting in a stably stratified or
layered region. Above the stratosphere, temperature decreases with height again in the
mesosphere (or middle layer), to the thermosphere, where temperature increases with height
again. Layers of high concentrations of ions exist in the thermosphere and the top of the
mesosphere, so this region is considered to be part of the ionosphere. The boundaries of the layers,

where temperature inversions exist, are known as the tropopause, stratopause, and mesopause.

The layers of Venus’s atmosphere are named similarly. The Venusian troposphere is more

extensive than Earth’s, extending up to 60 km, compared to ~12 km on Earth. However, the
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temperature profile of Venus does not increase with altitude until much higher in the atmosphere.
The tropopause marks an inflection point in the temperature profile, not an inversion. Venus
therefore has no stratosphere, though many works, particularly older or less specialist works, refer
to the lower or whole mesosphere as a stratosphere (e.g., Rossow & Williams, 1979; Sohn, 2024;
Yung & DeMore, 1982, 1999) in what appears to be an attempt to adapt terrestrial terminology to
a planet it does not suit. The Venusian tropopause instead separates the troposphere from the
mesosphere, as temperature continues to decrease to the mesopause. The slow rotation of Venus
causes long days and nights and causes a strong diurnal temperature variation in the upper
mesosphere and thermosphere. As can be seen in Figure 1.6b, the temperature minimum between
the mesosphere and thermosphere/ionosphere occurs at approximately 95 — 100 km on the dayside
of the planet, and 120 km on the nightside. This region is shown in green in Figure 1.6b to reflect
the uncertainty and variable definitions of the location of the mesopause in the Venusian

atmosphere.

The atmosphere on Venus is thick, with a surface pressure of 92 atm, and is composed
predominantly of carbon dioxide (Taylor et al., 1997; von Zahn et al., 1983), causing a strong
greenhouse effect (Tomasko et al., 1980b; Yung & DeMore, 1999) and an approximate surface
temperature of 737 K (Seiff, 1983). It is cloaked in a thick layer of sulphuric acid clouds from the
upper troposphere to the lower mesosphere (Blamont & Ragent, 1979; Knollenberg & Hunten,
1979a, 1979b, 1980; Ragent & Blamont, 1979, 1980; Young, 1973). The lack of diurnal
temperature variation in the lower atmosphere is thought to be due to the high heat capacity of
the thick atmosphere near the surface, and to rapid zonal winds which equilibrate the atmospheric

temperature through the troposphere (Seiff, 1983; Sciff et al., 1979; Taylor et al., 1979).

The majority of the solar radiation incident upon Venus is absorbed in or above the upper clouds
(Tomasko et al., 1980b), or below the clouds, with very little absorbed in the middle clouds
(40 — 50 km) (Tomasko et al., 1980a). The zonal winds, reaching speeds of up to ~120 m s in
the upper clouds, are known as atmospheric superrotation — it takes the atmosphere only 4 — 5
days to complete a full rotation, more than 50 times faster than the surface rotation (Boyer, 1973;
Counselman et al., 1979; Travis et al., 1979a). The rotation decreases the length of time the
atmosphere spends being heated or cooled at a time, and redistributes the heat, flattening any

diurnal temperature gradient that might form (Imamura et al., 2020).

Below the clouds, Seiff et al. (1979) found that the temperature profiles measured by four
atmospheric probes during the Pioneer Venus mission (named North, Day, Night, and
Large/Sounder probes, see Section 1.2.5 for details) descending in different locations at the same
time (Figure 1.7), were very similar. The diurnal temperature variation below the clouds was no
more than 1 — 2 K, and the maximum temperature difference between the profiles was 7 K, which
occurred at 20 km. All of the probes detected warmer temperatures in the clouds (40 km to 53 km
at the North probe site, 45 km to cloud top at the remainder of the sites) than would be expected
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by extending the sub-cloud profile upwards. The North probe descended in a region known as the
“cold collar” (Section 1.2.4), a bright band at around 60° latitude characterised by depressed cloud
tops at low temperatures (Titov et al., 2018). Divergence of the temperature in the clouds from
the below-cloud profiles indicated radiative heating in the clouds. The offset was found to be
present, but weaker, on the nightside, suggesting contributions from both solar and surface
radiation to the heating. All four probes detected a shape change in the temperature profile with
altitude at 270 K (56 — 59 km), which Seiff et al. (1979) reported was indicative of a phase change
in the clouds. They highlighted that 270 K is reported to be the approximate freezing point of 80%
sulphuric acid (though it is more accurately the approximate melting point of sulphuric acid

monohydrate), and the altitude coincides with the base of the upper cloud region.
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Figure 1.7. From Seiff et al. (1979). Temperature profiles measured by the four Pioneer Venus
probes, along with extended profiles for the North and Day probes above 65 km (from probe
deceleration measurements) and day and nightside IR sounding. A shape change at ~270 K can

be seen, as can the divergence of the North probe temperature profile from the other three.

The diurnal pressure variations detected by the probes (Figure 1.8) were found to be similar to
terrestrial pressure changes: the morning terminator exhibited higher pressures at the same
altitude than the nightside. As for the temperature, the North probe profile of pressure against
altitude differs from the other three probes in the clouds. Below 30 km, all probes measured the
same pressure profile. Seiff et al. (1979) reported that the latitudinal differences and cyclostrophic
balance were mostly sufficient to account for the variations between the North probe profile and
the others. However, the differences between the Large and Day probe profiles (which were
opposite the expectation from cyclostrophic flow) and the Day-Night probe profile differences
required turbulent eddy activity.
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Figure 1.8. From Seiff et al. (1979). All four probes measured the same pressure profile below
30 km (top line) but diverge above that. Clear divergence of the North probe from the others is

seen, but some variation between the Large (Sounder), Day, and Night probes is also present.

1.2.3 Clouds

1.2.3.1 Wavelength dependence of cloud tops
The majority of observations of the Venusian clouds are from above the atmosphere, whether by

orbiters, flybys, or Earth-based measurements. A key location in a cloud is where the optical depth
is equal to 1, often referred to as the cloud top (Crisp, 1986; Ignatiev et al., 2009; Young, 1973).
The cloud optical depth at a given wavelength, t(1), is defined as the line integral of the
attenuation coefficient, k(1), through the cloud. Attenuation here is taken to be the sum of

absorption and scattering, though either may also be used in isolation (Gary, 2003).
L

(1) :f k(A) dl (1.1)
0
If the optical thickness is small, the attenuation of light by the cloud is small, and light passes
through the cloud (z << 1, “optically thin”’) and lower altitudes are visible through the cloud. An
“optically thick” (z >> 1) cloud attenuates light strongly and is opaque, either bright if it is
reflecting the light or dark if it is absorbing it. When observations of Venus are made from the top
of the atmosphere (TOA) or beyond, the observed altitude is that where the clouds become
optically thick. Absorption and scattering are both wavelength dependent, and therefore so is the
optical thickness of the clouds. Viewing the atmosphere at different wavelengths therefore allows

observations down to different altitudes.

The dayside ultraviolet, visible, and near-infrared (near-IR) cloud tops are at 70 — 75 km at low
latitudes (Figure 1.9), becoming depressed in the polar regions (Ignatiev et al., 2009). This aligns
well with the top of the upper clouds at 65 — 70 km and the upper haze which extends above that
to ~90 km (Ragent et al., 1985). The UV opacity is due to the combination of reflected and
absorbed light that makes up the unexplained contrasts seen in Figures 1.1 and 1.2. On the

dayside, IR light is scattered back to space by the clouds or absorbed by carbon dioxide, which
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makes up around 96.5% of the atmosphere, or by water vapour which is present in trace amounts

(Ignatiev et al., 2009; von Zahn et al., 1983).
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Figure 1.9. From Ignatiev et al. (2009). Predicted dependence of dayside cloud top height

(t=1) on wavelength. Peak of near-UV absorption and near-IR wavelengths are indicated for

clarity.

On the nightside, the removal of the bright reflected sunlight results in narrow regions of the
spectrum between absorption bands where near-IR radiation from near the surface and lower
atmosphere can reach the TOA and be detected. These “transparency windows”, which allow the
atmosphere below the clouds (15 — 40 km) to be probed, were first detected in Earth-based
observations (Allen & Crawford, 1984; Taylor et al., 1997). Further windows to the surface and
lower clouds (0 — 50 km) were predicted by atmospheric models and observed by the Galileo
spacecraft flyby (Taylor et al., 1997).

1.2.3.2 Regions of the clouds
Much of the terminology surrounding the clouds was developed in the 1980s following the

Pioneer Venus and Venera missions (Kawabata et al., 1980; Knollenberg & Hunten, 1980) and
follows the observations (and limitations thereof) from those missions. The clouds are generally
splitinto three layers — upper, middle, and lower clouds — with some “pre-cloud layers” sometimes
observed below the main cloud deck (Knollenberg & Hunten, 1980). Above and below the clouds

are the upper and lower hazes.

The distinction between “cloud” and “haze” was originally one of particle size — the Pioneer
Venus descent probes identified the larger particle sizes in the cloud layers and defined the regions
based on particle number density down to the limit of detection of the instruments (~600 nm)
(Knollenberg & Hunten, 1980). Kawabata et al. (1980) found that an additional layer of smaller
particles — “haze” particles — was required above the clouds to explain observations from orbit.

This distinction of larger particles being cloud particles, with smaller haze particles above has
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shifted over time (Titov et al., 2018), and the upper haze is now taken to be the optically thin

region above the main cloud deck, regardless of particle size (e.g., Luginin et al., 2016).

1.2.3.3 Cloud modes
Aerosols (including cloud particles) exist in distinct size populations, called “modes”. The size

distribution of the particles follows various standard distributions, such as a Gaussian distribution

(Knollenberg & Hunten, 1979a):

_ NT (T - Tm)z
n(r) = N exp <—T‘2> (1.2)

where N7 is the number density of particles, 7, is the mean radius, and o the standard deviation

of the distribution; a log-normal distribution (Knollenberg & Hunten, 1980):

n(r) =—————exp| —
rV2min o P Z(IHO'g)Z

(1.3)

where N7 is the number density of particles, 75 is the geometric mean radius, and g, the geometric
standard deviation; or a modified gamma function, which can be applied to non-spherical particles
(Kawabata et al., 1980; Petty & Huang, 2011):

(1—3Veff) —r

n(r)=Ar Veff exp(—) (1.4)
TerfVerrf

where A is known as the intercept parameter, r,r the effective radius, and v,fs the effective

variance.

Different sources use different shape distributions, though data could be well fitted by other
distributions, e.g., log-normal and modified gamma distributions can have very similar shapes,
though the parameters of the two distributions would be very different. Care must be taken when
comparing reported distributions to consider the full shape of the reported distribution, not just

the radius parameter.

1.2.4 The cold collar

Venus exhibits Hadley circulation at low- to mid-latitudes, with ascending branches at the equator
and poleward flow at the cloud tops to around +60° latitude, where downwelling and equatorward
transport below the clouds form the return arm of the cell (Garate-Lopez & Lebonnois, 2018;
Titov et al., 2018). The downwelling occurs in a region known as the “cold collar”, a circumpolar
ring found in each hemisphere from ~60 — 80°, characterised by depressed cloud tops and low
temperatures compared to similar altitudes at lower latitudes (Figure 1.10) (Haus et al., 2014;
Tellmann et al., 2009; Titov et al., 2018). The equatorward edge of the cold collar coincides with

the zonal jets of the atmospheric super-rotation (Tellmann et al., 2009).
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Figure 1.10. From Haus et al. (2014). Zonal average temperature field from Venus Express
(VIRTIS-M) observations. The cold collar is apparent as the two low temperature areas in the

high latitude regions.

Titov et al. (2018) proposed that the cold collar is radiative in origin, and reinforced by a feedback
loop, wherein the sharp cloud top allows efficient radiative cooling of the cloud, reinforcing a
stably stratified region above the cloud and preventing mixing of the warmer air above into the
cloud, which maintains the cloud top. As the air descends following Hadley circulation, it is
heated adiabatically, producing the higher temperatures below the cold collar. This is supported
by the findings of Garate-Lopez and Lebonnois (2018), who were able to model a feature similar
to the cold collar in the Venus Planetary Climate Model (PCM) with updated radiative transfer

treatment and latitudinal cloud variations.

1.2.5 Mission overview
In addition to Earth-based observations, several successful missions to Venus, in the form of

orbiters, atmospheric probes and descenders, and flybys, have contributed to the knowledge of
the planet. A brief summary of each (successful) mission is provided in Table 1.1. The majority
of the current understanding of the clouds comes from Pioneer Venus, Venera, and Vega probes
and balloons, which provided the only in sifu cloud measurements. Additional study of the upper
clouds and haze had been performed by the Pioneer Venus, Venus Express, and Akatsuki orbiters.

An overview of the in situ measurements is provided here.



Table 1.1. A summary of successful space missions to Venus.

# Name Mission type Launch Observations | Overview of relevant results References
Evidence from the microwave radiometer that Venus has a hot
surface (~400 K) with little diurnal difference. Thick, unbroken
) 27 August | 14 December ) ) JPL (1965);
1 Mariner 2 Flyby clouds at ~240 K were detected along with some CO; in the
1962 1962 _ ) Sonett (1963)
atmosphere. No magnetic field was detected, suggesting that
Venus spun slowly or had a non-convective core.
The probe was intended to deploy at 26 km altitude and descend
to the surface. However, the high pressures and thick atmosphere
Harve
meant it deployed early (~57 km), descended slowly, and was Y
Atmospheric probe ) (2007¢);
destroyed at 22 — 27 km altitude, ~22 atm pressure, and
(with landing 12 June 18 August _ ] Kerzhanovich
2 Venera 4 270 — 280 °C. It detected a predominantly CO, atmosphere with
capability) and 1967 1967 et al. (1972);
) N>, atomic oxygen, and water vapour also present. No magnetic )
carrier spacecraft Vakhnin
field was detected, and the possibility of a watery surface ruled (1968)

out. Some strong winds and turbulence were detected at

40 — 50 km.
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Mariner 5 estimated temperatures of ~ 230 K at the cloud top,

which it placed at around 60 — 70 km in a primarily CO»

) Harvey
atmosphere. A planetary radius of 6056 = 1 km was computed (20070)
c);
and used for altitude calculations. Agreement between the
) 14 June 19 October . Jastrow
Mariner 5 Flyby detected temperatures by Mariner 5 and Venera 4 (whereas they
1967 1967 . . ) ) (1968); Sagan
were at the time believed to have probed different regions of the
o (1969); Snyder
atmosphere) prompted the realisation that Venera 4 had deployed (1967)
higher than intended. Comparison between the results led to
predicted surface conditions of 600 — 800 K and 30 — 105 atm.
5 January Venera 5 descended to ~16 km altitude, recording temperature
1969 17 May 1969 and pressure of 327 °C and 27.5 atm at 18 km. Venera 6
Atmospheric probes _ Avduevsky et
. ) descended to ~10 km altitude, and recorded temperature and
(with landing al. (1970);
Venera 5 & 6 . pressure of 294 °C and 19.8 atm at 22 km. The two probes
capability) and 10 Janua Harvey
i Ty 18 Mav 1969 | detected 93 —97% CO, and small amounts of inert gases,
carrier spacecrafts 1969 Y (2007¢)
nitrogen, oxygen, and water vapour. Average surface conditions
of 96.2 atm and 769 K were predicted.
During descent, the full parachute deployed significantly before it
was planned to, and then melted and detached, leaving the probe | Avduevsky et
v . Lander and carrier 17 August | 15 December | to fall to the surface. It measured temperature from 55 km to the | al. (1971);
enera
spacecraft 1970 1970 surface and continued transmitting for 20 minutes on the surface. | Harvey
Surface temperature of 730 — 747 K were measured. Surface (2007a)

pressure was inferred to be 92 atm.
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Venera 8 descended successfully on the dayside, while all
previous descents had been on the nightside. It detected similar

temperatures and pressures (741 = 7 K and 90 + 1.5 atm) to the

nightside. Granite-like surface rock was detected. Photometers Harvey
Lander and carrier 27 March suggested that Venera 8 descended through cloud (thick from (2007a);
Venera 8 22 July 1972 _ _ _ o
spacecraft 1972 65 — 50 km, thinner at 48 — 35 km) consistent with sulphuric acid. | Marov et al.
Surface light levels were low, with parallels drawn to an overcast | (1973)
Earth day. Strong winds, consistent with those inferred by UV
photography, were detected in the upper clouds, decreasing to
1 m s just above the surface.
A series of UV photographs were taken, revealing details of the
cloud-top contrasts. Radio sounding detected a thin and patchy
upper cloud deck (up to 60 km) and a thicker lower cloud deck
3 5-13 (35 — 52 km). The rapid motion of the upper clouds was apparent
) ) ) _ ) Dunne and
Mariner 10 Flyby (gravity assist) | November | February in the UV photographs. At the sub-solar point, polygonal
_ S | Burgess (1978)
1973 1974 structures associated with rising air were seen. Apparent layers in

limb photographs and high concentrations of atomic oxygen
compared to Mars suggested little mixing between the upper and

lower atmosphere. A weak planetary magnetic field was detected.
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Venera 9

Venera 10

Orbiters and landers

8 June

1975

20 October
1975 —~22
March 1976*
(orbiter)

22 October
(lander)

14 June
1975

23 October
1975 — June
1976%*
(orbiter)

25 October
1975 (lander)

The landers descended in brighter sunlight than Venera 8 had
measured and were able to photograph the surface without
additional lighting. Surface composition indicated basalt-like
rocks. Surface conditions were 480 °C and 90 atm (Venera 9) and
465 °C and 92 atm (Venera 10). Backscattering nephelometers
operated from 62 — 14 km and small angle nephelometers from
62 —32/44 km (9/10). Strong scatter was detected from the main
cloud at 62 — 49 km, with weaker scattering below. Venera 9

detected strong backscatter down to 20 km, but Venera 10 did not.

Three cloud layers were apparent, with cloud properties varying
with height.

The orbiters measured cloud properties and found a cloud base at
30 — 35 km, with clouds extending up to 64 km. Venera 9 took
UV photographs of the clouds. No such photographs from Venera

10 were released.

Harvey
(2007b);
Marov et al.
(1980); Siddiqi
(2018)
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The orbiter inferred atmospheric clearing over the north pole

4 December
Pioneer Venus 1 20 May 1978 — 8 from IR measurements, took UV photos of cloud patterns to study
(orbiter) 1978 October 1992 the long- and short-term recurrence of the Y feature, reportedly
(orbiter) observed lightning, and radar-mapped the surface in the northern
hemisphere. In 1991, after a period of inactivity, it was
_ _ _ Donahue
, reactivated to map the southern hemisphere and conduct radio )
Orbiter and _ ) (1979); Jenkins
9 Pi ) . occultations to measure temperature profiles in the clouds. o
loneer Venus atmospheric probes 9D b , (1995); Siddiqi
(four CCCMDET | The transport bus and four atmospheric probes detected a stable 2018)
. 8 August | 1978 (probes | aymosphere except at 52 — 56 km and below 29 km. Diurnal
atmospheric
1978 and transport | temperature variation (15 — 20 K) was detected above 80 km.
probes and a
bus) Zonal winds of ~130 m s™ were reported at the cloud top, with
transport bus)
speed decreasing below. The middle cloud was similar at all
probe sites, while the upper, lower, and sub-cloud layers varied.
9 Atmospheric sulphur, iron, and chlorine were detected by x-ray
25 December _
Venera 11 September 1978 fluorescence, and a 97% CO, atmosphere with most of the
1978 remainder being nitrogen was confirmed. The cloud base was
identified at 48 — 49 km, and the lowest cloud level, 48 — 51 km, | Harvey
10 Flyby and landers ” had distinct optical properties from the clouds above. (2007b);
21 December | Both Venera 11 and 12 landers carried microphones to listen for Siddiqi (2018)
Venera 12 September . _ _ ]
1978 1978 wind, thunder, and lightning. All three were reported, with Venera

11 reportedly recording up to 25 lightning strikes per second from

a distant storm at one point during its descent.
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The landers determined that the rocks were primarily basalt,

30 Octob
Venera 13 crobet 1 March 1982 | basaltic rocks, and alkaline potassic salts. Primary chemical
1981
elements in the rocks were silicon, aluminium, iron, magnesium,
calcium, potassium, and titanium. The UV intensity was
) ) ) Harvey
measured during descent and three cloud layers were identified: b
2007b);
11 Flyby and landers dense above 57 km, thinner at 50 — 57 km, dense at 48 — 50 km. ( )
4 o Moroz et al.
The majority of the UV flux was absorbed above 58 km.
Vi 14 November | 5 March 1982 1982
enera ovember are Temperatures of -100 °C at 90 km, increasing to -51 °C at 75 km ( )
1981
were recorded. Water vapour concentrations were found to be
generally small and variable, but were most concentrated in the
clouds (40 — 60 km).
The primary mission of Venera 15 and 16 was radar mapping the
10 October
2 June surface in the northern regions, though atmospheric studies were
Venera 15 1983 -5
1983 also carried out. The emission spectrum of the planet was found | Harvey
January 1985
to vary with latitude (e.g., the equatorial regions, poles, and polar | (2007b);
12 Orbiters collar exhibited different spectra). The clouds in the polar regions | Moroz et al.
14 October were found to be 5 — 8 km lower than in equatorial regions. The (1986); Siddiqi
7 June
Venera 16 1083 1983 - 13 average surface temperature measured was 500 °C, though (2018)
June 198 localised hotspots of 700 °C hotter than their surroundings,

theorised to be volcanoes, were found.
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11 June 1985

A malfunction with the Vega 1 lander caused it to deploy surface

15 (lander) experiments at ~18 km. During descent, the two landers detected
Vega 1 December | 11 June—13 | sulphur, chlorine, iron, and phosphorus, and measured cloud
1984 June 1985 particle sizes. Vega 2 found the phosphorus was predominantly in | Harvey
Flyby (gravity (balloon) the lower clouds. (2007b);
13 assist), landers, and 15 June 1985 | The two balloons were released from the landers during descent Sagdeev et al.
atmospheric balloons . (lander) and floated with the wind at around 54 km (535 mbar, 305 K) for | (1986a);
~two days. They found strong turbulence of up to 60 — 70 ms™, Siddiqi (2018)
Vega 2 December _ . . 1 ] _
1084 15 June — 17 | large vortices, and vertical winds of 1 —3 m s™. No lightning was
June 1985 detected. The balloons travelled at around 15 m s™' while the
(balloon) clouds were blown by zonal winds of 60 — 70 m s™.
Magellan completed the surface radar mapping started by Venera H
arve
10 August 15 and 16. It found evidence of a volcanic surface with turbulent Y
: 4 May : : : .| (2007b);
14 | Magellan Orbiter 1990 - 13 surface winds and estimated ~85% of Venus’s surface is volcanic
1989 _ ' Jenkins (1995);
October 1994 | flows. It also conducted radio occultations of the atmosphere to S
Siddiqi (2018)
produce temperature and pressure profiles.
_ _ _ ) ) o Belton et al.
10 February | Galileo carried out violet and IR imaging during its flyby and (1991)
) ) ) 18 October | 1990 — 17 gravity assist at Venus and mapped the lower atmosphere using ’
15 | Galileo Flyby (gravity assist) _ o ) Johnson et al.
1989 February near-IR transparency windows on the nightside. Galileo also (1991): Siddiqi
; Siddiqi
1990+%*** searched for lightning during the flyby. a

(2018)
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Gurnett et al.

. ) ) 15 October | 26 April 1988 | Cassini carried out two gravity assists at Venus and detected no o
16 | Cassini Flyby (gravity assist) . . . . (2001); Siddiqi
1997 24 June 1999 | lightning during either.
(2018)
o ) ) Pérez-Hoyos et
) ] 3 August During its second gravity assist at Venus, MESSENGER took
17 | MESSENGER | Flyby (gravity assist) 5 June 2007 o . al. (2018);
2004 visible and IR images and spectra. S
Siddiqi (2018)
Venus Express carried various spectrometers, radio occultation
equipment, and a dedicated camera for studying the atmosphere.
It mapped the temperature of the southern hemisphere and
11 April 2006 . . .
9 - studied the southern polar vortex, which was found to be irregular | ESA (2014a,
18 | Venus Express Orbiter November N b and changeable. The same was assumed to be true of the northern | 2014b);
ovember
2005 ~014 polar vortex, though it could not be studied due to Venus Siddiqi (2018)
Express’s orbit. The long-term behaviour of the clouds was
studied and the superrotation found to be variable and seemingly
accelerating over the course of the mission.
Fukuhara et al.
Akatsuki had numerous cameras at different wavelengths to study | (2017); Jones
7 December _ _ ' ) )
) _ 20 May _ the atmospheric dynamics of Venus, along with radio occultation | (2024);
19 | Akatsuki Orbiter 2015 — April _ _ _ _ )
2010 2004 studies and a search for lightning. Evidence of atmospheric Nakamura et
gravity waves was detected by IR imaging. al. (2018);

Siddiqi (2018)
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3 October 2018

During its first two assists, the Parker Solar probe measured

Collinson et al.

26 December the magnetosphere. On its third gravity assist at Venus, it (2021); George et
2019 measured the depth of Venus’ nightside ionosphere. The al. (2023);
Parker Solar ) ) 12 August | 11 July 2020 nightside surface of the planet was later imaged at Johnson-Groh
20 Flyby (gravity assist) .
Probe 2018 20 February 470 — 800 nm and oxygen airglow observed. It measured (2022); NASA
2021 non-lightning generated Whistler waves, suggesting lighting | (2018); Volwerk et
November 6, may be less common than previously assumed. Additional al. (2021); Wood
2024 surface imaging occurred during in November 2024. et al. (2022)
ESA (2018,
O" and C" ions were detected in Venus’s induced
15/16 October 2020a); Hadid et
] ] ) 20 October magnetosphere and temperature measurements of the lower
21 | BepiColombo Flyby (gravity assist) 2020 al. (2024); Helbert
2018 mesosphere were similar to those measured by earlier
11 August 2021 et al. (2023); Lee
missions. NUV spectra of the clouds were recorded.
et al. (2022)
ESA (2020b,
) _ _ _ ) 2022); NASA
10 Eight Venus gravity assists will occur before orbital
) ) ) 27 December . _ _ o Goddard Space
22 | Solar Orbiter Flyby (gravity assist) | February insertion. The magnetosphere was studied during its first
2020 Flight Centre
2020 flyby.
(2020); Volwerk et
al. (2021)

* End date unknown. On 22 March 1976, the mission was announced to have been “fulfilled” (Siddiqi, 2018).

** End date unknown. Siddiqi (2018) reports that it “continued transmitting data until at least June 1976 but this data does not appear to have been released.

*#* Imaging continued until 17" February 1990. Other experiments were carried out later, but the end date is not apparent (Belton et al., 1991; Johnson et al., 1991).
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The Venera 9 and 10 descenders carried nephelometers — instruments for measuring the
concentration of aerosols by detection of the scattered light from a population — and were able to
identify cloud layers by the increase in scattered light. However, to interpret particle properties
from scattering alone requires assumptions about the distribution of particle sizes (Marov et al.,
1980). The first direct measurements of particle size were taken by the Cloud Particle Size
spectrometer on the Pioneer Venus Large probe (LCPS). The direct size measurements could then
be combined with nephelometer data to predict the particle composition and shape (Knollenberg

& Hunten, 1980; Ragent & Blamont, 1980).

The four Pioneer Venus descent probes were deployed to different locations simultaneously,
sampling a range of latitudes and local times (Ragent & Blamont, 1980). The Large probe, also
called the Sounder probe (Colin, 1979), descended in the equatorial region, dayside of the
morning terminator (07:58 local time). The three small probes were named based on their
locations: the Day probe, like the Large probe, descended on the dayside of the planet (06:46),
though further south than the large probe. The Night probe also descended in the low- to mid-
southern latitudes, but on the nightside (00:07), and the North probe descended on the nightside
(03:35) at ~60°N, within the cold circumpolar clouds (cold collar).

Each of the probes carried a nephelometer that measured the intensity of backscattered (175°)
light at 900 nm when incident upon aerosols in the atmosphere (Ragent & Blamont, 1979, 1980).
The Large probe carried several more instruments than each of the small probes (Williams, 2018),
including the LCPS, which was capable of measuring the sizes of individual particles from
0.6 —490 um diameter. The LCPS used an Optical Array Spectrometer to size the particles by
counting the number of photodiode elements occluded by the particle’s shadow. Telemetry
bandwidth constraints limited the sizing to 1D and as such no shape information about the
particles was returned. The combined nephelometer and particle size data produced a globally
applicable first-order cloud model of particle size and inferred composition that provides the
standard model that is still in use (Knollenberg & Hunten, 1980). The findings of the Pioneer

mission that developed the standard model are summarised in Section 1.3.

The Vega (also styled VeGa and VEGA in different sources) landers were the first (and by virtue
of being the last Venus descent craft, the only other) missions since Pioneer Venus to carry size
spectrometers. Each had two size spectrometers: LSA and ISAV, and the latter also contained a
nephelometer and photometer. The Vega descenders detected broadly similar clouds to Pioneer
Venus, though the exact altitudes of features varied. The range of clouds sampled was more
limited than for Pioneer Venus as the detections were contaminated with smoke from the
explosion to jettison the heat shield above 57 km and the instruments stopped taking readings at
33 km (Krasnopolsky, 1989; Titov et al., 2018).
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The Vega balloons also carried nephelometers, though the instrument on the Vega 2 balloon did
not return data. Vega 1 therefore provided the only measuremeants of the horizontal variation of
cloud scattering properties. Measuring at ~54 km altitude, it detected no particle free regions,
though many small regions of fluctuations in the detected scattering were apparent, suggesting
the clouds were not uniform. Correlation between measured vertical winds and changes in
temperature and pressure suggested the balloon was carried up and down in the atmosphere. When
this happened, scattering typically increased on descent, suggesting cloud density increased

deeper into the clouds (Sagdeev et al., 1986b).

1.3 Clouds

1.3.1 Venus standard cloud model
While the upper layers of the atmosphere and clouds can be readily probed by remote

measurements, either by spacecraft or from Earth, the lower clouds can primarily only be
observed using in situ measurements. As such, the standard model of the Venus clouds described
by Esposito et al. (1983) is primarily based on the findings of the Venera and Pioneer Venus
atmospheric descents and has remained mostly unchanged since. This model is summarised in
Table 1.2 and Figure 1.11, both from Satoh et al. (2015), and is unchanged from that published
by Esposito et al. (1983), who adopted the values reported by Knollenberg and Hunten (1980).
Prior to the in situ cloud measurements, the expectation from Earth-based observation of the
clouds was a single narrow mode of concentrated sulphuric acid droplets with a Gaussian
distribution of modal radius 1.05 um and o= 0.26 um (Knollenberg & Hunten, 1980). The Pioneer
Venus mission instead detected complex, multimodal and highly organised cloud layers
(Knollenberg & Hunten, 1979a, 1980). Their findings, along with some proposed changes to the

standard cloud model in the intervening years, are summarised here.

Altitude  Pressure Mean Diameter

90 km 0.5 mb

Upper Haze 0.4 um

70 km 35 mb

Bimodal
Upper Cloud 0.4 & 2.0 um

56.5km K Trimodal
Middle Cloud 3.25 &17.
50.5km 0.97 bar 0.3,2.5,&7.0 um

Trimodal
47.5 km M 43'bar Eower Cloud 0.4,2.0,&8.0 um

Figure 1.11. From Esposito et al. (1983); Satoh et al. (2015). The standard cloud model of

Venus with altitudes, pressures, and mean particle sizes for the different modes indicated.
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Table 1.2. From Esposito et al. (1983); Satoh et al. (2015). Venus standard cloud model. Values
appear to be taken directly from Knollenberg and Hunten (1980).

Mean Average
Altitude Optical depth diameter / number
Region range / km (at 0.63 pm) pm density / cm™
Upper haze 70 —90 0.2-1.0 0.4 500
Upper Mode 1: 0.4 1500
56.5-170 6.0 -8.0
cloud Mode 2: 2.0 50
Mode 1: 0.3 300
Middle
50.5-56.5 8.0-10.0 Mode 2: 2.5 50
cloud
Mode 3: 7.0 10
Mode 1: 0.4 1200
Lower
47.5-50.5 6.0-12.0 Mode 2: 2.0 50
cloud
Mode 3 8.0 50

1.3.2 Cloud regions

1.3.2.1 Upper haze
The upper haze is an optically thin region above the main cloud deck, from approximately

70 — 90 km. It was not measured by the Pioneer Venus probes, which deployed around 61 — 65 km
(Counselman et al., 1980), but was studied by remote sensing by the Venus Orbiter Cloud Photo-
Polarimeter (OCPP) on the Pioneer Venus Orbiter (Kawabata et al., 1980). The OCPP found the
cloud tops were consistent with concentrated sulphuric acid droplets with an effective radius of
1.05 um (now termed “mode 2” particles), but the polarisation measured at the poles and morning
terminator required smaller particles — a submicron haze overlying the planet (Taylor et al., 1979;
Travis et al., 1979b). The haze optical thickness varied on the order of months by a factor of three,
and the highest thickness was found to correlate with “exceptionally bright” polar clouds

(Kawabata et al., 1980; Rossow et al., 1980; Travis et al., 1979b).

Kawabata et al. (1980) modelled the haze in layers, with a haze layer overlying a mixture of
“haze” and “cloud” particles and reported that multiple scattering modelling provided the best
agreement for a haze optical depth above the sulphuric acid (r.;= 1.05 pm) clouds of between 0.2
and 0.5 at 935 nm (optical depth increases at shorter wavelengths), effective radius
re=0.23 £ 0.04 um, effective variance vy = 0.18 = 0.1 (Kawabata et al. (1980) describe all
particle distributions with modified gamma distributions), and real refractive index
n=1.45+0.04 at 365 — 500 nm. The top of the haze layer was reported to be at ~4 mbar in the
polar regions and lower (but not fully constrained) at low latitudes. The same trend was found for

the cloud top.

More recent studies of the haze by the Venus Express and Akatsuki orbiters have found indications

of larger particles present in the haze: Satoh et al. (2015) found mode 2 particles were required in
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the haze layer to reproduce the phase function measured by the IR1 spectrometer on Akatsuki,
and Luginin et al. (2016) reported a bimodal haze with effective radii of 0.12 + 0.03 pm and
0.84+ 0.16 um and effective variances assumed to be 0.15, the equivalent of log-normal
distributions with 7= 0.08 + 0.02 um and 0.59 = 0.11 pm and o, = 1.45. They found that the size
distribution of the particles varied over time, sometimes appearing unimodal, though they put this
down the detection limits of the SPICAV/SOIR (Spectroscopy for Investigation of Characteristics
of the Atmosphere of Venus in its Solar Occultation in the InfraRed mode) instrument. The mode
1 particle size was found to be invariant with height, but mode 2 decreased in size with increasing

altitude.

The size distributions reported for the upper haze populations are compared in Figure 1.12 with
mode 1 in the upper clouds as reported by Knollenberg and Hunten (1980). Luginin et al. (2016)
report a very narrow population with a smaller modal radius than Knollenberg and Hunten (1980)
and Kawabata et al. (1980), who report similar modal radii but the haze distribution is narrower
than mode 1 in the clouds. All populations are scaled to a maximum #(7) value of 20 cm™ pm
for straightforward comparison of their shapes. The majority of the distributions reported by
Kawabata et al. (1980) and Knollenberg and Hunten (1980), and all of the distribution reported
by Luginin et al. (2016), are below the size limit of detection of the LCPS.

20 | Mode 1, upper clouds

: Knollenberg & Hunten (1980)
1 Upper haze mode 1 best fit
: Luginin et al. (2016)

o 1 Upper haze best fit

c 15 1 | Kawabata et al. (1980)

2 ! === LCPS limit of detection
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Figure 1.12. Best fit reported sizes of the smallest mode in the upper clouds (Knollenberg &
Hunten, 1980), the smallest mode in the upper haze reported by Luginin et al. (2016) and the
upper haze distribution reported by Kawabata et al. (1980). All populations are scaled to a

maximum 7n(r) value of 20 cm™ pm' for straightforward comparison of their shapes.

1.3.2.2 Upper clouds
The region referred to as the “upper cloud” by Knollenberg and Hunten (1979a, 1979b, 1980),

and region D by Ragent and Blamont (1979, 1980) and Blamont and Ragent (1979), was detected
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by both the Pioneer Venus probe backscattering nephelometers and the LCPS. The three small

probes did not carry particle size spectrometers.

The Pioneer Venus Day, Large, and Night probes detected increased backscatter corresponding to
an inhomogeneous cloud top at 63 km, 64 km, and 61.7 km, respectively, while the North probe
deployed below the cloud top (Ragent & Blamont, 1979). As the upper cloud layer was detected
by all four probes, it was assumed to be a global feature with a cloud top at 62 — 64 km and the
LCPS data was taken to be generally representative of the clouds (Ragent & Blamont, 1980).

The LCPS detected a number density of 300 —400 cm™ of 0.6 — 4 um diameter particles with low
mass loading and a modal diameter of 1.2 um (Knollenberg & Hunten, 1979b), assuming a
unimodal distribution. However, as some layers in the upper clouds and all levels below were at
least bimodal, the unimodal distribution was assumed to be due to the instrument failing to
distinguish the modes. Knollenberg and Hunten (1979a, 1980) extended the profile of the ~2 um
particles detected in the middle cloud (see Section 1.3.2.3) upwards and identified two modes of
particles in the upper clouds: mode 1, small sub-micron particles, and mode 2, just over 2 um in

modal diameter.

For both modes of particles, the number concentration, mass loading, and extinction coefficient
were at a maximum at 60 km and decreased above and below that altitude. They reached a
minimum at 56.5 km, in a region around 1 km thick detected by both the LCPS and nephelometers
and interpreted as the transition between the upper cloud and the middle cloud below it (Blamont

& Ragent, 1979; Knollenberg & Hunten, 1979a, 1979b, 1980; Ragent & Blamont, 1979, 1980).

The upper haze particles predicted by Kawabata et al. (1980) to be mixed into the upper cloud are
too small for nephelometer detection (unless the number concentrations were very high), and most
of the distribution would be below the 0.6 pm limit of LCPS detection (Figure 1.12). Ragent and
Blamont (1980) found that while a real refractive index of 1.44 for solely the LCPS-detected
particle distribution (assuming homogeneous, non-absorbing droplets) gave a good fit to the
observations in the lower part of the upper cloud, the inclusion of Kawabata et al.’s predicted haze
in the upper cloud meant that n = 1.44 matched the observations well across the entire upper cloud
region. A real refractive index of 1.44 is consistent with concentrated sulphuric acid droplets. Seiff
et al. (1979) noted that an apparent phase change at the lower boundary of the upper cloud (at
~57 km) coincided with a temperature of ~270 K, the melting point of 80% sulphuric acid.

Knollenberg and Hunten (1980) described the mode 2 particle distribution with a narrow Gaussian
distribution (after correcting for instrumental broadening) and used a log-normal distribution for
mode 1 to reasonably constrain the distribution below the LCPS minimum size detection (Figure
1.13). The size distributions throughout the cloud layers are summarised in Table 1.3. Satoh et al.

(2015) reported that the bimodal upper clouds of the standard model were insufficient to explain
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the observed phase function from the IR1 Akatsuki spectrometer channel and needed larger

(mode 3) particles to replace some of the mode 2 particles in the model to reproduce observations.

2580 =
: r.‘\ LARGE TAIL OF
DECONVOLUTED (ACTUAL)
225+ : \ AEROSOL DISTRIBUTION WITH
| \ DISTRIBUTION INSTRUMENTAL
oo \ SPREAD FUNCTION
| \‘ REMOVED.
I D, = 2.0 um
|| LOG-NORMAL ..., m
1789 | {{ MODE 1 FIT ; / 7 =0.55um
- I / 2 s
| 180 | \ / .- K
g 1264 \
$ | “ $ LCPS MEASURED DISTRIBUTION
1004 | v o
| \ I e U
| b I NG /
754 | X of Y
: \V‘! 1 RAW DATA FIT
504 | //‘g'\ \\ / Dm= 2.0 um
l' 2 Pe . 7 =1.25um
) : N
25+ | / { S5 N
| o & \\ N
I 2 . 2
o T T T T
0.0 1.0 2.0 3.0 4.0

DIAMETER (12m)
Figure 1.13. Figure from Knollenberg and Hunten (1980) showing the LCPS measured

5.0

distribution (bars) with mode 2 particle distribution measured by the instrument (dash-dotted

line), and reconstructed mode 2 distribution once instrumental broadening had been removed

(dotted line). Much of the mode 1 size distribution is below the limit of detection of the LCPS,

so the tail of a log-normal distribution is fitted to the lower size bins (dashed line), resulting in a

mean mode 1 diameter lower than the lower limit of detection of the instrument. The data

shown is for the upper precloud layer, not the upper clouds, and is included here purely for

illustration of the fitting and deconvolution of the data.



Table 1.3. From Knollenberg and Hunten (1980). Particle distributions of the modes at different altitudes. Knollenberg and Hunten note that a log-normal

distribution did not provide a fit for particles larger than 20 um. Precloud layers and boundaries between the main cloud layers are shaded for readability.

Altitude range

Mode 1

Log-normal distribution

Mode 2

Gaussian distribution

Mode 3

Log-normal distribution

e Nt /ncm? Og dg/pm | Np/nem®  o/pm d/pm | Np/ncm? Og dg / pm
66.10 — 65.20 181 2.16 0.35 9 0.50 1.33
65.20 — 63.80 211 2.16 0.35 22 0.68 2.38
63.80 — 62.50 336 2.16 0.35 41 0.68 2.20
Upper cloud 62.50 - 61.25 521 2.16 0.35 53 0.80 2.20
61.25 - 60.20 544 2.16 0.35 64 0.69 2.32
60.20 — 59.00 608 2.16 0.35 71 0.84 2.28
59.00 — 58.15 348 2.16 0.35 63 0.91 2.26
58.15-57.10 197 2.16 0.35 58 0.87 2.12
Tum | 57.10 — 56.20 54 2.16 0.35 29 0.82 2.38
65.20 — 55.40 69 2.16 0.35 30 0.74 2.54 17 1.25 7.40
55.40 — 54.80 69 1.9 0.30 31 0.44 2.83 30 1.25 7.40
54.80 — 54.30 69 1.9 0.30 30 0.49 2.73 37 1.25 7.40
Middle cloud | 54.30 — 53.90 86 1.9 0.30 32 0.48 2.80 32 1.25 7.40
53.90 — 53.25 72 1.9 0.30 38 0.55 2.70 50 1.26 7.28
53.25-52.80 99 1.9 0.30 37 0.55 2.80 38 1.26 7.28
52.80 — 52.30%* 112 1.9 0.30 44 0.65 2.73 35 1.26 7.28

28



52.30 - 51.70%* 122 1.9 0.30 54 0.59 2.73 48 1.26 7.28
Middle cloud 51.70 — 51.10%* 110 1.9 0.30 56 0.63 2.70 40 1.27 7.41
51.10 - 50.60 121 1.9 0.30 52 0.68 2.70 39 1.27 7.41
50.60 — 50.10 93 1.9 0.30 46 0.63 2.45 14 1.27 7.41
Tmi | 50.10 —49.70 144 1.80 0.35 14 0.60 1.70 15 1.27 7.41
49.70 — 49.25 528 1.80 0.4 57 0.75 2.58 126 1.29 7.20
Lower cloud 49.25 - 48.75 563 1.80 0.4 71 0.60 2.73 177 1.29 7.20
48.75 —48.30 404 1.80 0.4 75 0.55 2.60 72 1.29 7.20
48.30—47.75 233 1.80 0.4 59 0.66 2.14 33 1.29 7.20
Upper precloud | 47.75 — 47.50 474 2.02 0.35 111 1.25 2.10
Lower haze | 47.50 — 46.45 128 1.70 0.28
Lower precloud | 46.45 — 46.30 179 1.80 0.30 34 0.85 2.90
46.30 —43.25 218 1.57 0.25
Lower haze | 43.25 -38.70 41 1.57 0.25
38.70—31.00 46 1.57 0.25

* Reported altitude ranges have been corrected. Reported altitude ranges (52.80—51.30, 51.30—52.70, 52.70 - 51.10) duplicate altitudes, alternate between ascending
and descending, and are significantly larger than the altitude ranges reported for the rest of the main cloud deck. The values in the table are corrected values, assuming

typographical errors were made in the second digits to produce three non-overlapping altitude regions of 0.5 or 0.6 km depth.
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Knollenberg and Hunten (1979b) suggested that the behaviour of the clouds indicated a source of
sulphuric acid, and perhaps mode 1 (which they attribute to sulphur, though that was later
disproven (Pollack et al., 1979; Tomasko et al., 1979)) at the base of the upper clouds, likely
linked to UV light to explain the lack of particle production deeper in the atmosphere. Esposito
et al. (1979) reported that the sulphuric acid particle concentrations in the upper cloud could be
photochemically produced from SOs.

The probes also measured the wind speeds during descent. The zonal winds reached ~100 m s™
at the cloud tops, the highest altitudes measured directly by the probes (Counselman et al., 1980;
Counselman et al., 1979) consistent with the atmospheric super-rotation observed in the UV (e.g.,
Travis et al., 1979a). Regions of strong wind shear were detected at the base of the upper clouds
(Counselman et al., 1980). The upper clouds were found to be statically stable against overturning
(Seiff et al., 1979) with turbulent eddy mixing and turbulence consistent with trapped inertial
gravity waves within the layer (Counselman et al., 1980). Horinouchi et al. (2020) reported that
modelling showed atmospheric turbulent eddies were vital for the equatorward transport of

angular momentum required to drive the observed super-rotation of the atmosphere.

1.3.2.3 Middle clouds
The boundary of the middle and upper clouds, inferred from a non-zero minimum in LCPS and

nephelometer readings (Blamont & Ragent, 1979; Knollenberg & Hunten, 1979a, 1979b, 1980;
Ragent & Blamont, 1979, 1980), coincides with the tropopause. Unlike the statically stable upper
clouds, the middle cloud layer (50 — 55 km) was found to be unstable (Seiff et al., 1979, Figure
1.14), with a sharp increase in stability at the boundary of the middle and lower clouds, and a
neutrally stable lower cloud region. The lower and middle cloud layers were predicted to be
convective due to Large probe solar flux radiometer results (Tomasko et al., 1979). Travis et al.
(1979b) reported observations in the UV of “bright- and dark-rimmed” convective cells in low-
and mid-latitudes, organised into large-scale horizontal clusters (though Rossow et al. (1980)
argued that the middle cloud layer should not be visible to the OCPP). No wind shear was detected
in the middle clouds (Figure 1.15), consistent with a region of convective mixing (Counselman et

al., 1980).
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Figure 1.14. Adapted from Seiff et al. (1979). Stability of the atmosphere measured during
Pioneer Venus descent. Negative values indicate instability. The middle clouds are the most
statically unstable region of the atmosphere measured. Stability increases at the middle-lower
cloud boundary, and then decreases again in the lower cloud. The y-axes have been inverted

from the original plot. The surface is now towards the bottom of the plot.
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Figure 1.15. Adapted from Counselman et al. (1980). Equatorward (a) and eastward zonal (b)
wind velocity measured by the four Pioneer Venus probes. Zonal winds are westward, and
therefore are negative. Equatorward winds are offset horizontally for clarity. The upper, middle,
and lower clouds are shown in grey. Boundaries between cloud regions occurred at slightly

different heights at the different probe locations; the regions shown are for the Large probe.

The middle cloud region was detected by all four Pioneer Venus probes, with some small
variations: the small probes all found that backscatter increased with decreasing altitude through

the middle clouds, whereas the Large probe found that the backscatter remained approximately
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constant (Blamont & Ragent, 1979). Nevertheless, as all probes detected it, it was inferred to be

a global feature and the findings of the Large probe generalised to the whole planet (Ragent &
Blamont, 1980).

Modes 1 and 2 were detected in the middle cloud by the LCPS, along with a small number of
larger particles (5 — 25 um diameter) referred to as mode 3 (Knollenberg & Hunten, 1979a, 1979b)
(Figure 1.16). A decrease in mode 1 number density and an increase in mode 2 modal size made
the two modes distinguishable (Knollenberg & Hunten, 1980). Mode 2 was best resolved in the
middle cloud, being well described (once instrumental broadening was removed) by a modal
diameter of 2.7 um and standard deviation of less than 0.65 um across the cloud. Most of this
broadening was due to a change in the modal diameter with altitude — if only a single optical depth
of mode 2 particles was considered (rather than the full 3 optical depths in the middle cloud),
standard deviation was ~0.2 pum (Knollenberg & Hunten, 1979a).
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Figure 1.16. From Knollenberg and Hunten (1980). Size distribution for modes 1, 2, and 3 at

54.2 km. The right hand of the figure shows the large particle sizes. A log-normal distribution is

unable to fit the largest detected sizes of the particles.

The mode 2 modal diameter grew rapidly across the transition from the upper to middle cloud to
a diameter of 2.7 um. The diameter fluctuated between 2.7 and 2.9 um for a few kilometres before
gradually decreasing again to ~2 um at the boundary of the lower and middle clouds at 50.5 km
(Knollenberg & Hunten, 1980). It was approximately monodisperse at each altitude and varied
smoothly, indicating liquid droplets, rather than solid particles (Knollenberg & Hunten, 1979a).

The larger size in the middle clouds for the mode 2 particles has led to them sometimes being
labelled mode 2’ (Tomasko et al., 1980b).
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Poor counting statistics for the mode 3 particles made it difficult to draw reliable conclusions
about the mode 3 distribution in the middle clouds, though Knollenberg and Hunten (1980)

reported that they seemed to appear just below the upper-middle cloud transition.

Mode 3 particles had only a small number density, and the mode 1 particle number density was
around an order of magnitude lower than in the upper cloud. This caused an overall decrease in
total number density from top to bottom of the middle cloud, decreasing to ~100 cm™ at the middle
cloud base (Knollenberg & Hunten, 1979b, 1980; Ragent & Blamont, 1980). At the Large probe
location, the extinction coefficient and mass loading did not change significantly throughout the
middle cloud, despite the decrease in number density, due to the higher proportion of larger
particles present than in the upper cloud. Number density, extinction coefficient, and mass loading

all decreased to a minimum at the middle cloud base (50.5 km) (Knollenberg & Hunten, 1980).

Knollenberg and Hunten (1980) reported a good fit to the observations if all the particles were
assumed to have equal refractive indices for n=1.38 — 1.40. The nephelometers were not sensitive
to the mode 1 particles, so their properties were assumed to be the same as in the upper clouds
(Blamont & Ragent, 1979). If mode 3, the largest particles, were allowed to contain absorbing
material or have non-spherical geometries (Section 1.3.3.3), they would be less backscattering
than predicted for non-absorbing spheres, and the mode 2 (and mode 1) refractive index would
be higher to compensate. The mode 2 particles remained consistent with concentrated sulphuric

acid (Knollenberg & Hunten, 1979a).

1.3.2.4 Lower clouds
The lower cloud, located at around 48 — 50 km, was highly variable. It was detected by the Large

and Night probes, was present but less prominent at the North probe location (the nephelometer
data suggested that perhaps the top of the lower cloud was missing but the base was still present),
and was absent at the Day probe location (Blamont & Ragent, 1979; Ragent & Blamont, 1979).
This was supported by the data from the radiometers on the Day and Large probes: Ragent and
Blamont (1980) reported that the Large probe data showed three distinct regions with different
gradients corresponding to the upper, middle, and lower cloud regions, while the Day probe had
only two different gradients apparent in the same altitude range, corresponding to the upper and
middle clouds. More UV light also penetrated the lower atmosphere at the Day probe site than the

Large probe site, likely due to the absence of the lower cloud.

The total number density remained approximately constant from the middle clouds, but mode 1
and mode 3 number densities increased by a factor of ~5. The larger size of mode 3 meant it
dominated cloud properties, causing an increase in mass loading and extinction coefficient for the
lower clouds (Knollenberg & Hunten, 1979b, 1980). They suggested that the variability in the
lower cloud between locations could be due to mode 3 particles being a transient, rather than

permanent, feature of the clouds (Ragent & Blamont, 1980).
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As seen in Figures 1.14 and 1.15, the boundary between the middle and lower clouds at the Large
probe location was marked by an increase in static stability. The lower cloud itself was found to
be a region of neutral stability with strong wind shear at the base of the lower cloud (Counselman

et al., 1980; Seiff et al., 1979).

Two thin (100 — 200 m) regions of higher particle size were detected by the LCPS, dubbed
“pre-cloud layers” or “cloud filaments”. They were found to be bimodal, consisting of mode 1
and 2 particles and were theorised to be either detached regions of the lower clouds (the upper
pre-cloud layer) or newly condensed cloud particles (the lower pre-cloud layer) (Knollenberg &
Hunten, 1980). The pre-cloud layers are not well understood, have been only rarely observed, and

are generally not included in cloud models.

1.3.2.5 Lower haze
Below the main clouds, Knollenberg and Hunten (1979a, 1979b, 1980) reported that they detected

mode 1 particles persisting down to ~31 km, with a maximum number density at 45 — 47 km. The
nephelometers were not sensitive to mode 1 particles (Blamont & Ragent, 1979), but the day
probe radiometer did detect UV extinction down to 24 — 28 km, which Ragent and Blamont (1980)

suggested could indicate the lower haze was also present at other probe locations.

Titov et al. (2018) reported, citing Gnedykh et al (1987)%, that the Venera 8 and Vega 1 and 2
descenders detected a haze of particles below the clouds to ~35 km. Data from the Vega probes
suggested number densities of 5 x 10* — 5 x 10° cm™ for particles of radius < 0.25 pm and

refractive index n = 2.

The Vega descenders detected phosphorus in the lower cloud and below, down to the lower limit
of operation of the instrument (33 km). They did not detect a distinct lower cloud boundary, which
may indicate the presence in only a few locations — Venera 8 alone may have detected a similar

layer — of a phosphorus-containing cloud or haze below the main clouds (Krasnopolsky, 1989).

The temperature in the region below the main clouds is sufficiently high that not only would
sulphuric acid evaporate, it would begin to decompose into SO3; and H»O, precluding this as the
main constituent of the lower haze. The composition and existence of the lower haze are uncertain

(Titov et al., 2018), and it is not included in the standard cloud model.

1.3.3 Cloud composition and formation

1.3.3.1 Mode 2
The mode 2 particles matched the expectation from Earth-based observations of clouds of

predominantly ~2 um diameter droplets of concentrated sulphuric acid (Knollenberg & Hunten,

! paper is in Russian and unavailable (archive starts at 1996), though citations of what may be a translation also exist.
Paper is detailed here: https://ui.adsabs.harvard.edu/abs/1987Kosls..25..707G/abstract

V. I. Gnedykh, L. V. Zasova, V. |. Moroz, B. E. Moshkin and A. P. Ekonomov. Vertical structure of the cloud layer of
Venus at the Vega 1 and 2 landing sites. Cosmic Res. 25, 707 (1987), or Kosm. Issled. 25, 707 (1987) (In Russian).
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1979b, 1980). The particles were found to be of the correct size in the upper clouds (the only
region of the clouds penetrated by ground-based observations (Knollenberg & Hunten, 1979b),
were consistent with liquid droplets and had refractive indices consistent with sulphuric acid in
the upper and middle clouds (Blamont & Ragent, 1979; Ragent & Blamont, 1979, 1980), and in
the lower clouds if the mode 3 particles were not required to have the same refractive index as the
smaller modes (Ragent & Blamont, 1979). The mode 2 particles were readily traceable throughout
the cloud system, with changes in size proposed to be due to the evaporation and recondensation

of H,O and H>SO4 vapour from and to the droplets (Knollenberg & Hunten, 1979b, 1980).

Recent observations (Markiewicz et al., 2014; Petrova, 2018; Petrova et al., 2015) suggest there

may be traces of other component in mode 2. This is expanded upon in Section 1.4.3.

1.3.3.2 Mode 1
Knollenberg and Hunten (1979b) reported that, from Earth-based observations, it was assumed

that the yellow colour of Venus was due to particles of elemental sulphur, which were expected
to be detected in the upper clouds. Pollack et al. (1979) reported that sulphur would be unsuitable
as mode 1 as the molecular structure (and therefore absorption spectrum) of sulphur is highly
variable depending on its temperature (Young, 1977). Due to the low temperature in the upper
clouds, elemental sulphur would not absorb at sufficiently long wavelengths to match the
observations. This was supported by Ragent and Blamont (1980), who reported from

nephelometry results that none of the particle modes detected were consistent with sulphur.

Knollenberg and Hunten (1979a, 1980) noted a strong correlation between mode 1 and mode 2
particle number concentrations in the upper and middle clouds: both reached a peak at ~60 km
before decreasing gradually through the upper cloud followed by a sharp decrease at the upper-
middle cloud boundary. They remarked that rapid changes in number density are often an
indicator of proximity to a source or sink. That would therefore imply a source of mode 1 and 2
at 60 km, which Tomasko et al. (1979) identified as the location of strongest UV absorption. This
could indicate that both mode 1 and 2 are chemically produced, possibly from a single parent

vapour.

If mode 1 and 2 both grow from the same vapour, it would suggest that they are both sulphuric
acid. However, in the lower clouds the mode 1 and 2 profiles diverged, with the number density
of mode 1 increasing while the mode 2 profiles remained constant. The mode 1 profile was found
to be more closely correlated with mode 3 in the lower clouds, suggesting it is not sulphuric acid

at all altitudes (Knollenberg & Hunten, 1980).

Knollenberg and Hunten (1979a) theorised that mode 1 was a “polyparticle” aerosol composed
of many different components, some volatile and some involatile, due to the similarity between
the mode 1 distribution and that of terrestrial aerosols. They argued that the much higher particle

number densities for mode 1 than seen for terrestrial aerosols was due to the lack of precipitation



36

on Venus. In the absence of rain, there is no “cleaning” of the atmosphere to remove the aerosol.
They suggested that a portion of mode 1 could be formed by the recondensation of meteoric
vapours. Venus would be expected to receive similar amounts of meteoric material to Earth
(~40 tonnes per Earth day, t d). This is supported by meteoric flux estimates of 31.0 +15.5 t d!
by Carrillo-Sanchez et al. (2020). Knollenberg and Hunten (1979a) reasoned that such particles
would be too small for detection by the LCPS (in accord with the findings of Frankland et al.
(2017), who predicted a range of possible sizes of ablated and coagulated meteoric dust particles,
all of which would be below the LCPS detection limit) but would be suitable condensation nuclei
for the sulphuric acid cloud droplets. The idea of mode 1 being a mixture would appear to be
supported by Gnedykh et al. (1987), who Titov et al. (2018) reported detected two distinct species
within mode 1 in the Vega descent data: around 80% had refractive index n = 1.4 + 0.1, consistent
with sulphuric acid, but the remaining 20% were consistent with n = 1.7 + 0.1, far too high for

even concentrated sulphuric acid.

Knollenberg and Hunten (1980) proposed that, in the upper clouds, SO; (formed from gaseous
SO,) and water vapour recombine to form H>SO4 vapour. The reality may be somewhat more
complex, with multiple reaction pathways, but the formation of sulphuric acid from water and
SO;is broadly accepted (Krasnopolsky, 2012). Knollenberg and Hunten (1980) proposed that the
vapour condenses onto mode 1 nuclei and the cloud droplets grow. The bimodality between modes
1 and 2 is due to the Kelvin effect: mode 1 are those particles below the critical size, while mode
2 are those that have overcome the activation energy required to reach critical size and can grow
freely. In the middle clouds, the H,SO4 vapour is somewhat depleted. At the upper-middle cloud
boundary, mode 2 grows from 2.2 to 2.7 um over 1 km in altitude. The larger size in the middle
clouds is often referred to as mode 2’ (Tomasko et al., 1980b). Knollenberg and Hunten (1980)
argued that away from the sulphuric acid source — which Krasnopolsky (2012) found to be at
~66 km — mode 2 outcompetes and grows at the expense of mode 1. The loss of sulphuric acid
from mode 1 would account for mode 2 growth up to 2.5 um, but growth beyond that would need
to be from the condensation of sulphuric acid or water from the vapour phase. This growth by
vapour deposition keeps the droplets large until the lower cloud, at which point the decrease in

water vapour causes them to shrink again.

The mode 2 particles may collect additional mode 1 impurities by scavenging. When they reach
sufficiently low altitudes that the droplets evaporate, these small mode 1 particles could fuse to
form larger nuclei that, once brought back up to the upper clouds by updrafts, would be more

favourable condensation nuclei, driving the growth of mode 1 (Knollenberg & Hunten, 1980).

1.3.3.3 Mode 3
Within the lower clouds, the mode 2 particles were 2.2 um in size below the middle-lower cloud

boundary, and decreased in size to ~1.9 pum at the base of the lower cloud (Knollenberg & Hunten,

1980). They were most clearly distinguishable at the top and bottom of the lower cloud, leading



37

Ragent and Blamont (1979) to theorise that the mode 2 particles grew into mode 3, and then
reformed when mode 3 evaporated at the lower cloud base. However, further analysis of the data
suggested that mode 3 and mode 2 could not be composed of the same material. Blamont and
Ragent (1979) calculated a refractive index of 1.44 for modes 1 and 2 and 1.32 for mode 3, or
1.33 for all three, assuming spherical, inhomogeneous droplets. Values of ~1.33 are too low for
concentrated sulphuric acid, as mode 2 is believed to be (Knollenberg & Hunten, 1980). The
presence of mode 3 particles (2.5 — 19.5 um in the lower clouds) would be expected to increase
the measured scattering by a factor of ~10 (scattering from particles scales as radius® x
concentration, and the mode 3 particles are a factor of 10 larger and a factor of 10 less abundant
than mode 2 in the upper clouds), but only an increase of a factor of 2 — 3 was retrieved. The mode
3 particles were therefore required to have a smaller backscattering cross-section than expected
for a non-absorbing sphere of their size (Ragent & Blamont, 1980). This could be achieved by
making the particles non-spherical, or by including some absorbing material in the particles. For
droplets of ~20 um, Ragent and Blamont (1980) could not produce a significant change in the
predicted backscatter, even for extremely strongly absorbing inclusions in sulphuric acid droplets.
In addition, Knollenberg and Hunten (1980) and Ragent and Blamont (1980) reported that no
absorption was detected in the lower clouds. Knollenberg and Hunten (1979a) reported having
significant trouble fitting models to the mode 3 observations (Figure 1.16), again suggesting the

need for non-spherical particles.

The strongest evidence for the non-spherical nature of the mode 3 particles comes from the
overlap between two detection ranges of the LCPS. The LCPS sized particles by measuring how
many detection elements were blocked by a particle as it passed through the detector (with each
element needing to be 62.5% blocked to count as “occulted”). Different sizing ranges of the LCPS
had different element sizes and therefore different particle size detection ranges: range 2 (5 pm
elements, able to detect particles of 5 — 53 pm, split up into 10 channels for better size resolution)
and range 3 (20 um elements, able to detect particles of 16 — 181 pum, also split into 10 channels).
Knollenberg and Hunten (1980) explained that as range 3 had a larger sampling volume than
range 2, 50% more particles of the same size should have been detected in range 3 than in range
2 in the regions where they overlapped. However, from 48 — 56 km (the middle and lower clouds),
72 particles of 16 — 36 um were detected in range 2, while only 3 particles of 16 — 35 pm were
detected in range 3. Knollenberg and Hunten calculated a probability of “much less than 1%” for
this to be purely due to random fluctuation. They instead drew parallels with issues faced by
paired terrestrial instruments with different resolutions, which they reported tend to provide good
agreement for liquid distributions, but not for snow crystals. They also reported that laboratory

experiments with the flight spare instrument supported this conclusion.

Knollenberg and Hunten (1980) reasoned that spherical particles of 16.5 pm would easily occult
3 — 4 elements of the photodetector array of mode 2 and would likely occult at least 62.5% of a
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larger mode 3 detector element, registering a detection in both cases. Range 3 may fail to detect
some particles at this size if their shadows were not centred over the photodetector, but by 22 pm,
spherical particles should be detected with 100% efficiency. For crystalline particles with a
column, needle, or thin plate morphology, a long but narrow particle could easily occult several
small detector elements (range 2) while failing to occult at least 62.5% of a range 3 element. The
particle would therefore be detected in range 2, but not in range 3. This is demonstrated in Figure
1.17, reproduced from Knollenberg and Hunten (1980). They reported aspect ratios of 3:1 would
be consistent with their observations, though other non-spherical morphologies would also be

suitable. For a non-spherical particle, refractive indices of 1.3 — 2.0 could all be acceptable for
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Figure 1.17. From Knollenberg and Hunten (1980). A long, thin particle, such as a crystal, can
occult several range 2 detector elements (shown above for clarity), resulting in detection and
accurate sizing of the particle. The same particle fails to occult 62.5% of any range 3 element

and so is not detected.

An alternative solution was suggested by Toon et al. (1984): mode 3 was simply a long tail of the
mode 2 distribution resulting from sizing and counting errors in the LCPS. For example, they
suggested that, since the sample volume varied with particle size, and counts in different channels
of the ranges were therefore weighted differently (for example, in range 2, they reported that a
count in channel 1 was equivalent to 16 particles cm™, whereas in channel 2 it was 3 cm™), a
larger particle that is misidentified as a smaller particle due to its shadow partially missing the
detector elements introduced a counting error of a factor of 4 — 5. Alternatively, the smallest
channel of range 2 could have been detecting particles below its supposed limit of detection
(5 pm), increasing the number of large particles detected. They reported that, if they assumed
these instrument errors occurred and corrected for them, the mode 3 particles were no longer a

separate mode, but part of a broader mode 2. The correction decreased the number of large
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particles detected and therefore the nephelometer data could be fitted with mode 2 particles of

refractive indices consistent with sulphuric acid.

However, as an unforeseen consequence of their LCPS corrections, Toon et al. (1984) found that
the required refractive index to fit the upper cloud in both Venera phase function data and Pioneer
Venus nephelometer data increased to n > 1.49, significantly too high to be pure sulphuric acid.
They proposed that 10% of the volume of the droplets could be a sulphur core with a sulphuric
acid shell. While this was conclusively disproven — sulphur is not wetted by sulphuric acid and
cannot be included in a droplet, only adhered to the surface (Young, 1983) — it does not preclude
the possibility of other highly refractive impurities in the cloud droplets.

The identity of mode 3, if mode 3 is a true feature of the clouds and not an artefact of instrumental
error as suggested by Toon et al. (1984), remains unknown. Common crystalline possibilities
include chlorides or sulphates (Knollenberg & Hunten, 1980; Ragent & Blamont, 1980). Ragent
and Blamont (1980) suggested a metallic ion could provide absorption (if mode 3 are required to
be absorbing) before being vapourised at the lower cloud base and forming part of the lower haze.
Knollenberg and Hunten (1980) suggested crystalline ferric chloride as mode 3. They found that
FeCl;.6H>0 had the required vapour pressure, but not melting point (310 K) to be crystalline at
lower cloud temperatures (>355 K). They proposed that the hexahydrate could be present in the
middle clouds before forming anhydrous ferric chloride and water vapour on descent to the lower

clouds.

Knollenberg and Hunten (1980) also argued that, as mode 3 particles were observed in regions of
high wind shear, particles sampled by a vertical transection were formed in different locations and
at different times. By analogy to terrestrial cirrus clouds, they argued that the mode 3 particles
could form from the condensation of vapour to supercooled droplets, which rapidly crystallise.
The crystals could grow further in supersaturated regions and sediment to lower levels over length
scales of several kilometres. Cirrus clouds form at the base of shear zones such as Kelvin-
Helmbholtz instabilities. By analogy, they proposed that the upper-middle clouds boundary could

be such a dynamical shear region.

1.4 UV absorption overview
Having been observed from Earth since the 1920s and photographed by Mariner 10 during its

flyby in 1974 (Murray et al., 1974; Ross, 1928; Wright, 1927, Figures 2, 18), the UV contrasts
had been studied over a long period of time and recurring patterns, such as the “Y” and “reverse
C” features (Figure 1.18), were known before Venus orbiters were planned. This has informed
mission payload planning, and UV imaging cameras have been a component of the payloads of
the Pioneer Venus, Venus Express, and Akatsuki orbiters, providing many photographs of the UV

contrasts over a long period of time.
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Figure 1.18. From Murray et al. (1974). Left: photographs taken from Earth in a) 1966 and
c¢) 1967 showing feature known as the "Y": the dark horizontal band across the centre of the
disc, broader at the left-hand edge; and the “reverse-C”: bright limbs and dark centre seen at the
evening terminator. Right, photographs taken by Mariner 10 in 1974, showing b) a similar Y
feature and e) a pattern which, when projected onto a sphere (d) to mimic a view of the evening

terminator, produced a similar pattern to the reverse-C.

Mariner 10 had reported that the Y feature recurred with a period of around 4 days during its
observations, consistent with the superrotation of the atmosphere at cloud-top heights (Murray et
al., 1974). To study the long- and short-term variation of the UV patterns, the cloud
photopolarimeter on the Pioneer Venus Orbiter took daily photographs at 365 nm of the Venusian
upper clouds (Pollack et al., 1979; Travis et al., 1979a). The spectral albedo of Venus showed
significant absorption from 300 to 520 nm, with marked contrasts (dark and light regions, rather
than, for example, a uniform grey) visible at wavelengths below 400 nm. The observed cloud

features are expanded on in Section 1.4.2.

The ratios of UV and visible light measured by the probes on descent imply that ultraviolet light
is absorbed throughout the atmosphere, but visible light is only absorbed in the top ~15 optical
depths (though Pollack et al. (1979) acknowledged that this could be an artefact of the filter used
in the radiometer). Using data from the UV photometer on Venera 14, Ekonomov et al. (1984)
also found that some UV absorption took place throughout the depths of the clouds, but that the
majority of the absorption took place in the upper clouds (with 80% of the incident UV solar flux
absorbed above 59 km) and most of the rest absorbed by 48 km. This primarily appears to have
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been in the bottom part of the middle cloud and the lower cloud, as they found the region from

58 — 55 km had the lowest UV absorption coefficient by volume.

Taking the cloud top to be at an optical depth of t = 4 below the TOA, Pollack et al. (1979)
modelled various potential absorbers, including sulphur dioxide, and small sulphur particles that
had been the assumed cause of the absorption from Earth-based measurements (Knollenberg &
Hunten, 1980). They also tested models of “meteoritic particle” cores in the sulphuric acid
droplets, with carbonaceous matter, metallic iron, and magnetite used to simulate the cores. All
of these, as well as sulphur were ruled out. Sulphur dioxide on the other hand was found to be a
promising candidate, though it did not provide enough absorption above 55 km or at wavelengths

longer than 350 nm.

Based on the cloud properties reported by Knollenberg and Hunten (1979a, 1979b), Blamont and
Ragent (1979) and Ragent and Blamont (1979), Pollack et al. (1980) predicted the Venusian
albedo with sulphur dioxide included using a 19 layer radiative transfer model. SO, absorption is
dominant at 200 — 320 nm, but not beyond, resulting in their predicted albedo from the models
being significantly too high at 350 nm and above. A second absorbing species (the unknown UV
absorber) was therefore required. Pollack et al. compared their model results for the second
absorber to spectra of solid iron and graphite, and gaseous Cl, and NO,. They reported the best
agreement for chlorine, though the known concentrations of Cl, on Venus were a factor of 50 too

small to account for the absorption required.

1.4.1. UV absorption spectrum
To compare the absorption to potential candidates, Pollack et al. (1980) used a radiative transfer

model to predict the absorber properties required to match the observations taken during the
Pioneer Venus mission. Similar techniques of radiative transfer modelling to predict absorber
properties from observations have been used since then to try to calculate the true spectrum of the
unknown UV absorber (e.g., Haus et al. (2016) used Venus Express data, and Pérez-Hoyos et al.
(2018) used MESSENGER data from its Venus flyby).

The radiative transfer models are highly sensitive to the position of the unknown UV absorber
within the atmosphere, and so the modelled spectrum is strongly dependent on the assumptions
about the nature of the absorber (for example, if it is a gas, an inclusion in mode 2 particles, part
of mode 1, etc.) and its location. As such, variation between spectra predicted by different models
and different datasets (Figure 1.3) is unavoidable until more is known about the absorber (Haus

et al., 2016; Pérez-Hoyos et al., 2018; Pollack et al., 1980).

Pérez-Hoyos et al. (2018) calculated the normalised absorption of their modelled UV absorber
and compared it to spectra of some previously proposed candidate species (Figure 1.19). Some of

the plotted candidates, and a few other common candidates, are detailed in Sections 1.5 and 1.6.
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Figure 1.19. Adapted from Pérez-Hoyos et al. (2018). Calculated UV absorption (dashed black

line) and uncertainty (shaded area) compared to four candidates for the unknown UV absorber.

While some provide a better fit than others, none can provide the correct slope at 0.4 — 0.5 pm.

1.4.1.2 Relationship to SO3
The Akatsuki Ultraviolet imager (UVI) took pairs of photographs at 283 nm and 365 nm, the

absorption peaks of SO, and the unknown UV absorber respectively. The images were taken 3
minutes apart, and a pair of images was taken every two hours (Figure 1.20). The distribution of
the unknown UV absorber appeared be broadly correlated with SO, with many of the same
features, in particular the dark and bright streaks in the northern and southern polar regions.
However, Yamazaki et al. (2018) noted that the detailed features are “quite different”. They
highlighted the overall greater brightness (see brightness scale) of the 365 nm image (Figure 1.36,
right), greater contrasts, and the equatorial bright region which does not appear in the 283 nm
image (Figure 1.36, left). From this they inferred that “the spatial distributions of SO, and
unknown UV absorbers are governed by, at least partly, different chemical and/or dynamical
processes”, supporting claims that the unknown UV absorber is not a sulphur-based species.
However, Pinto et al. (2021) highlighted that convection and upward transport of particulates such
as elemental sulphur would decrease correlation between them and the gas they form from (SO»).
However, their photochemical models were one dimensional, so they could not predict the

changes in horizontal distribution to verify this.
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Figure 1.20. From Yamazaki et al. (2018). Images from the Akatsuki UV Imager at 283 nm,

looking at SO, absorption (left) and 3 minutes later, at 365 nm, looking at the unknown UV
absorption (right).

An alternative cause of the correlation is that the unknown UV absorber, which is generally
assumed to only absorb above ~300 nm, is in fact absorbing at 283 nm as well. Lee et al. (2021)
reported that their models of the unknown absorber could only reproduce the disc-integrated
albedo phase curves obtained from Akatsuki UVI images if the unknown UV absorber absorbs
more strongly at 283 nm than 365 nm by a factor of at least 2. If this is the case, predicted spectra
of the unknown absorber (Figure 1.3, Figure 1.19) likely misrepresent the shape and strength of
the UV absorption near and below 300 nm by attributing all of the observed absorption to SO».

1.4.2 2D observations

1.4.2.1 Recurring patterns and features
In Earth-based observations, the Y and reverse-C patterns (Figure 1.18) were observed to recur

every 4 — 6 days. The Y feature, only observable from Earth when Venus was visible as a full disc,
was readily observed by both Mariner 10 and Pioneer Venus to recur every ~4 days. Mariner 10
observed two recurrences of the Y during its brief period of observations. Pioneer Venus, by virtue
of being in orbit and therefore able to take photographs over several months to years, was able to
study the longer-term variations in the Y feature, and other recurring cloud features, with daily
photographs to monitor the patterns and contrasts in the UV cloud tops. (Murray et al., 1974;
Rossow et al., 1980; Travis et al., 1979a).

Table 1.4 contains pictures and descriptions of features identified by Rossow et al. (1980).
Contrast in raw images was reported to be at most 30%, so all images were all processed to
enhance the contrasts. The normalisation and enhancement vary between papers and datasets, and
so the differences between published photographs are not indicative of changes in relative
brightness of different features between different datasets. This will not have been helped by the
digitisation of the original articles, which may also have altered the contrasts in the images
(Murray et al., 1974; Rossow et al., 1980; Travis et al., 1979a). Cartoons accompany the
photographs of each feature to highlight the feature being described without obscuring the image.
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Rossow et al. (1980) assumed that cloud features were “dark objects on a bright background” and

so the features are generally described as such. The automatic assumption when viewing black

and white images is that highlights and shadows correspond to peaks and troughs respectively,

the opposite of Rossow et al.’s descriptions. As the cause and location of the UV absorption is not

known, it may be either case, or both.

Table 1.4. Photographs from Rossow et al. (1980) and descriptions and cartoons of the contrast

features they show.

#

Image

Cartoon

Description

The southern bright polar band
(white) and cap (light grey) are
visible through the morning region.
A dark polar band separates the
bright band and cap. The northern
bright polar band is not included in
the cartoon. Due to viewing
geometries, the northern polar cap

is not visible.

Bright polar bands are visible at
the north and south of the planet.
The southern polar cap (not
included in the cartoon) is below
the southern polar band and is
generally darker than the bright

polar bands.

The southern bright polar band,
with a ragged edge and "bright
streamers" extending to mid-

latitudes.

Dark mid-latitude bands are
apparent in the northern
hemisphere as a streaky, dark
shadow, and in the southern
hemisphere, where the band is

much more pronounced.
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The dark equatorial band here is
broader downstream (left) than
upstream, coming to a point to the
right of the centre of the disc. The
equator is slightly above the centre
of the disc as imaging is from

above the southern hemisphere.

The dark mid-latitude bands (left
side of disc) join the equatorial
band (right of disc) to form the

distinctive Y shape.

Equatorial and northern and
southern dark mid-latitude
bands. At the right of the disc, a
bright band is visible in the
southern hemisphere, separating
the southern mid-latitude and

equatorial dark bands.

Large curved ("bow-shaped")
features at the evening terminator,
centred on the equator. Some form
of bow-shaped features are present
in almost all photographs. Travis et
al. (1979a) clarify that “bow” is
used to mean curved, not to invoke
the bow-wave generated in front of
a boat. Murray et al. (1974) term

these “bowlike waves”.

Bow-shaped features extending
all the way across the disc, though
less pronounced on the right-hand

side than the left.
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10

11

Small-scale bow-shaped features
are visible on the left-hand edge of
the disc.

12

Planetary scale bow-shaped
features reaching into polar
latitudes are visible cutting across

the bright southern polar band.

13

Bow-shaped streaks are visible
almost parallel to the equator in the

northern hemisphere.

14

Bow-shaped waves on the left of
the disc go from almost
perpendicular to the equator to
inclined to it at a shallow angle

(right of disc).

Bright circum-equatorial belts
are visible in the northern
hemisphere, cutting across the
bow-shaped features on the left of
the disc. The belts typically have a
meridional width <100 km.

15

A “wave train” of nearly vertical
dark and light lines is visible just
to the lower right of the disc
centre. Like the circum-equatorial
belts, the wave trains cut through

bow-shaped features and streaks.
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Top: a mottled region of
convection is visible downstream
of the subsolar point, indicated by
a green box. Bottom: an enlarged
view of the region indicated by the
green box. White lines point to two
examples of convective cells, one
16 with a dark boundary and lighter
centre (shown in black in the
cartoon) and one with a bright
boundary (shown in white in the
cartoon). Murray et al. (1974)

observed large convective cells

(~280 km) persisting for several
hours, but smaller cells (~170 km)
did not.

Curved, “bow-like” features of various scales are present in most photographs taken in the UV
and occur even when the majority of features in the equatorial regions are zonal (e.g., row 10 of
Table 1.4). The features were found to be more visible in the afternoons and evenings, but were
occasionally observed at the morning terminator (row 14, Table 1.4). The bow-like features
generally (but not always, e.g., row 13, Table 1.4) exhibited the same inclination to the equator

with latitude in a given photograph (e.g., rows 8 — 11, Table 1.4).

The Pioneer Venus mission began during a period of unusual polar brightness (Travis et al.,
1979b), and as such the poles were much brighter than in Mariner 10 photographs, though this is
not immediately apparent from the available images (as all presented photographs have been
processed to maximise contrast). The poles are typically the brightest regions of images, with a
dark polar band separating the bright polar band and cap in approximately half of the images
recorded (Rossow et al., 1980). Some polar features were found to persist for a day or so, but
rarely longer. Despite that, the overall appearance of the poles is fairly constant compared to the
lower latitudes. While the viewing geometry from Pioneer Venus generally gives a better view of
the southern hemisphere than the northern hemisphere, Rossow et al. (1980) claimed that these
findings apply to both poles. There is no apparent correlation between the two poles with time —
either can be particularly bright or dim, or vary in any of the usual ways, regardless of the form
of the other. The bright polar band can be horizontal to the equator (Table 1.4, row 1) or tilted
with respect to it (Table 1.4, row 2), and the transition to the mid latitudes can be smooth (Table

1.4, rows 1 and 2) or “whorl-like” (Table 1.4, row 3) (Rossow et al., 1980).
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The thickest dark bow-shaped features make up the mid-latitude dark bands, which can be very
distinctive, with high contrast, as in the southern mid-latitude band in Table 1.4, row 4, though
they are more usually diffuse and poorly defined, as in the northern mid-latitude band in the same

image (Rossow et al., 1980).

A similar dark band exists in the equatorial regions (+20°) (Table 1.4, rows 5 — 7). It is usually
centred on the equator but can be slightly offset to either hemisphere. The combination of the
viewing geometry (the orbiter photographed from a position over the southern hemisphere, and
as such the equator is not central to the planetary disc in the photographs), the variable width of
the band, and the diffuse edges make this difficult to identify in the images. The equatorial band
has an average latitudinal width of 40° and is generally broader downstream (evening terminator,
left of the planetary disc) than upstream. The downstream broadening, along with dark mid-

latitude bands and bow-shaped features, forms the apex of the Y feature.

From assumed wind speeds of 100 m s™!, Rossow et al. (1980) estimated the equatorial dark band
spanned 120 — 280° in longitude. The mid-latitude and equatorial dark bands can exist parallel to
one another, sometimes separated by a thin bright band (Table 1.4, row 7), or the mid-latitude
bands can join the equatorial bands at the downstream end, forming the classical, symmetrical Y
(Table 1.4, row 6). Table 1.4 row 7 shows a more asymmetrical Y, with the southern mid-latitude
band and equatorial band both being present on the right-hand edge of the disc, producing a Y

shape with a straight edge in the northern hemisphere and a curve in the southern hemisphere.

1.4.2.2 The Y feature
Travis et al. (1979a) reported on the observed behaviour of the Y feature by the Pioneer Venus

imager over a period of three months. They found that the Y is produced by a combination of the
upper haze near the terminators, sulphuric acid cloud, and UV absorption, and recurs every
4 — 5 days, consistent with the period of the atmospheric super-rotation in the upper clouds.

However, Travis et al. highlighted that the specific features of the Y pattern change as it recurs.

Figure 1.21 shows two subsequent occurrences of the Y feature. The first, in panels A and B (a
day apart) shows an “asymmetric Y feature”, which disappeared and reappeared 3 days later
(panel C). Panels C, D, and E, each a day apart, show a more symmetric and elongated Y feature
wrapping around the majority of the planet. Travis et al. (1979a) reported that it recurred once
more, 4 days later, as a much shorter Y before becoming distorted and disappearing. It did not

then recur for several weeks.

Figure 1.21 A is the same photograph as rows 2 and 4 of Table 1.4. The only differences are the
paper it was published in, which highlights the differences in digitisation of the original papers.



Figure 1.21. From Travis et al. (1979a). Photographs from the Pioneer Venus cloud

photopolarimeter, taken at 365 nm. A and B, taken a day apart, show the Y feature. It recurred 3
days later, shown in panels C, D, and E (each one day apart). Cloud motion is right to left.

Table 1.4, row 13 shows a series of planetary-scale bow waves and an incredibly broad dark band,
stretching from the north to south polar regions. This feature occurred during a period when Travis
et al. (1979a) reported the Y feature was absent for several weeks. Rossow et al. (1980) found that
the period when the Y did not appear consisted first of “highly asymmetric and distorted” patterns
before the bow-shaped features in Table 1.4 row 13 appeared. Around a week later, an asymmetric
Y feature (Table 1.4 row 7) appeared, recurring in a more symmetrical form every four days.
Rossow et al. (1980) noted that, when the Y feature appeared or disappeared for a period of time,
it underwent a “phase shift” — a particular point of the Y feature, for example the apex, would
reappear in a different position rather than return to the same point on the disc. Their consideration
of this in terms of phase was likely due to the OCPP taking photographs at the same time each
day (its orbital period being 24 hours), so the photograph on the fourth day after the Y was
apparent would show it in a different position. It would be equally correct to say that the period
with which the Y recurred varied before it vanished. Rossow et al. (1980) described phase shifts
in both directions — lengthening and shortening the period of time between recurrences. They
proposed that the dark bands and bow-shaped features were produced at two different spatial
scales, though they did not have a definitive proposal for the cause of the driving at these scales,
and suggested that the interplay between the different scales that drive the rotation was responsible
both for the phase shift of the Y feature and for its disappearance, which they theorised occurred

when the phases of the bands and bow-shaped features became out of phase with one another.
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1.4.2.3 Morning and evening terminators

Figure 1.22, panel A, taken just under a month after Figure 1.21, is of the afternoon and evening
region in the absence of the Y feature. Figure 1.22, panel B, taken just under a month before
Figure 1.21, in another period where the Y was absent for several weeks, shows the morning
region. Travis et al. (1979a) reported that the photographs reflect the trend observed in the dataset
of “generally higher contrasts” in the evening region than the morning region. This would seem
to be referring to the presence of both UV bright and dark regions in close proximity on the
evening terminator versus the more uniformly dark morning region. This may, however, be a
peculiarity of the Pioneer Venus observation period, rather than a general rule: Figure 1.23 shows
the morning and evening terminators as photographed by the Venus Monitoring Camera (VMC)
on Venus Express (Titov et al., 2012). Titov et al. highlighted the general “streaky clouds” in the
morning sector (Figure 1.23a) as compared to the more “turbulent” evening (Figure 1.23b), but
each appears similar in the proportion of dark and light features. While the lower resolution of
Figure 1.22 makes comparison difficult, the trend of streaky morning regions and patchy
“convective” regions in the evenings can be seen in the Pioneer Venus images from Figure 1.22
and Table 1.4 (rows 13 (morning) and 8 (evening)). However, three pairs of images are not

sufficient to draw robust conclusions.

Figure 1.22. From Travis et al. (1979a). Morning (A) and evening (B) regions photographed by

the Pioneer Venus cloud polarimeter at 365 nm.
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Figure 1.23. From Titov et al. (2012). Images taken by the MC on Venus Express. The south
pole is approximately in the white triangle between the images. The morning (a) and evening (b)
terminators. The morning is characterised by streaky clouds, also visible in the southern part the

evening terminator. The mottled, patchy patterns around the equatorial region of the evening

terminator may indicate greater convection and turbulence.

The absence of darkest blacks from Figure 1.23 is not indicative of lower absorption than seen in

the Pioneer Venus images but is instead due to differences in image processing.

1.4.2.4 Conclusions from 2D imaging
The 2D distribution of the unknown UV absorber is governed in large part by the dynamics of the

atmosphere. Features are transported by the zonal wind and persist for long periods of time. While
observations of the nightside of Venus were not possible, the recurrence of dark regions such as
the Y feature, in contrast to brighter regions such as at the poles which showed no such periodicity,
suggests a long-lived species responsible for the contrasts, with a lifetime on the order of weeks
or months to produce the slow changes in the patterns. It is possible that the absorber could be a
more short-lived species if it is readily produced from and destroyed to reform a reservoir species

which obeys the long-term periodicity instead.

The trend for brighter poles and darker low latitude regions could have two possible causes: the
absorber is not present in the polar regions, or it is present but is obscured by a bright (non-
absorbing) hood of, presumably, sulphuric acid particles. The bright polar bands seem to coincide
with the cold collars — regions at + 60° where the cloud top is depressed. This and the dark bow-
shaped wave features that occasionally cut through the bright polar features favour the latter
interpretation: that the absorber is present below the clouds in the polar regions, but less visible

unless brought up to the cloud tops by wave features.

While the 2D patterns do not help identify the absorbing species in the same way that an optical

spectrum would, they inform the dynamics that must govern the species and so can play a key
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role in strengthening an argument for a species to be considered or discounted based on its

suitability or inability to reproduce the observed lifetime and distribution.

1.4.3 Location and properties of the absorber
Pollack et al. (1980), Ragent and Blamont (1980), and Knollenberg and Hunten (1980) proposed,

in their studies of the contributions of SO, and the “second absorber”, that the unknown UV
absorber could be in the mode 1 particles. Ekonomov et al. (1984) agreed that a particulate
absorber, such as mode 1 particles, would fit the upper cloud absorption best, but they also
predicted gaseous absorption in the clouds below. Knollenberg and Hunten (1979a, 1980)
proposed that the absorber exists in similar masses in mode 1 and 2 particles (as they believed
that mode 1 and 2 grow from the same source in the upper clouds, differing only in that mode 2

particles have overcome the critical size imposed by the Kelvin effect).

Travis et al. (1979b) reported that, were the absorber located above the clouds, the resulting
contrasts would be much more prominent than observed. Pollack et al. (1979) reported that the
contrast between dark and light regions viewed in UV by the cloud photopolarimeter increased
with decreasing phase angle (i.e., greater contrasts were apparent when viewed near 90° than
~120° (Travis et al., 1979b)). They also reported from polarisation measurements that at least 80%
of particles at optical depth t = 1 were consistent with concentrated H,SO4. They therefore

proposed that:

a. the absorber was not present above the clouds or in the top couple of optical depths of the
cloud, and

b. the absorber concentration increased sharply in the top few optical depths of the cloud.

However, the absorber cannot be too deep within the clouds: the absorption can be observed from
Earth, but ground-based observations probe only the top 4 — 6 optical depths of the ~10 that make
up the upper cloud layer (Knollenberg & Hunten, 1979a). Pollack et al. (1980) therefore imposed
a lower bound of ~63 km for the top of the absorber layer, locating it firmly within the upper

clouds.

As the upper cloud layer is bimodal, Pollack et al. (1980) modelled two possibilities: the absorber
is in mode 1, or the absorber is present as an impurity in both modes 1 and 2, which is also a valid
model for a gaseous absorber. They assumed that the unknown absorber was not present in the
top layers of their model (t ~ 0.65) and modelled different distributions of SO, and different

refractive indices of the unknown absorber.

The models found a best fit to the results for an SO, mixing ratio near T=0.65 of 1 x 10”7, and an
imaginary refractive index of the absorber of 7.5 x 107, Pollack et al. (1980) used a wavelength-
independent refractive index, though they reasoned that including wavelength dependence could
further improve the fit. No significant differences between the two cases (absorber in mode 1 only

or in both modes) were found. However, they did find that the unknown UV absorber would be
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required to absorb at wavelengths longward of 500 nm in the upper clouds to explain the solar
flux at 57 — 61 km, but the absorption in the visible should not continue into the middle and lower

clouds.

To explain the observed contrasts, Pollack et al. (1980) predicted the contrast expected from the
overlying haze detected by the Pioneer Venus polarimeter (Kawabata et al., 1980). They were able
to match the observations fairly well with a polar haze (at latitudes poleward of 75°) of optical
thickness T = 0.9 in bright regions, and the absorber sharply increasing in concentration below the
cloud tops (Pollack et al., 1979) in the clouds below the haze. They reported that, while not
producing perfect agreement, the model would be improved by further fine-tuning of the absorber
height, or the use of haze data from a shorter period of time — the results they used were averaged
over a year, while the haze may vary over a period of months (Kawabata et al., 1980). Luginin et
al. (2016) also found haze variations on the order of months, suggesting that temporal variation

did affect Pollack et al. (1980)’s model.

As an alternate method of reducing the absorption to reproduce the bright polar regions, Pollack
et al. (1980) modelled the effects of reducing the absorber concentration with depth, but found
that it was unable to produce a good fit to the observations. However, at lower latitudes, the
contrasts are less pronounced, and Kawabata et al. (1980) found no polarization anomalies,
suggesting a uniformly optically thin haze. In these regions, Pollack et al. were able to match the
observations reasonably well by increasing the optical depth at the top of the clouds from which
the absorber is absent. They emphasised that the choice of exact optical depth the absorber was
absent from would depend on the model used, but their values of T = 0.65 for the darkest regions

and t = 1.2 for the low-latitude brighter regions are qualitatively applicable.

Pollack et al. (1980) proposed that the absorber is somehow destroyed at the top of the upper
cloud, in order to explain its absence from the cloud tops. Conversely, Knollenberg and Hunten
(1979a) reported that prior studies had interpreted a correlation between UV-dark regions and
decreased CO» absorption as indicative of rising cloud tops in the darker regions, implying upward
motion, and proposed that large, absorbing particles were brought up to higher altitudes on these
updrafts. Crisp and Young (1978) explained the correlation between UV dark regions and
decreased IR absorption due to CO, by reasoning that as the cloud rises, bringing UV-absorbing
material up to heights where is it “more visible”, the thickness of CO» above the cloud decreases,
decreasing the IR absorption detected. Knollenberg and Hunten (1980) remarked that small

particles (such as mode 1) could be carried as easily up to the cloud tops as larger particles.

Many attempts over the years have been made to locate the absorber within the clouds deck (e.g.,
Haus et al., 2016; Lee et al., 2021). All come to broadly the same conclusions: the absorber must
be in the upper clouds, but not the upper haze. A variety of altitude distributions and modes can

all explain the absorber. Models where the absorber is correlated with all cloud modes are
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generally assumed to be consistent with models of gaseous absorption, so that also cannot be ruled

out.

The identity of the UV absorber remains unknown. It is generally accepted to be particulate and
at least part of mode 1 (Ekonomov et al., 1984; Gnedykh et al., 1987, via Titov et al., 2018;
Tomasko et al., 1980a), though some gaseous candidates are also popular (Frandsen et al., 2016;
Pinto et al., 2021). Proposed candidates for the unknown absorber include ferric chloride,
elemental sulphur, and sulphur-containing compounds such as S,O, or polysulphur oxides (S,0),
and microscopic life. Sulphur- and iron-containing candidates are detailed in Sections 1.5 and 1.6
respectively. Some evidence for the absorber’s presence in the cloud droplets is detailed in

Sections 1.4.3.1 and 1.4.3.2.

1.4.3.1 Cloud condensation nuclei
Knollenberg and Hunten (1980) proposed that part of mode 1 is composed of particles that act as

cloud condensation nuclei (CCN) for mode 2 as a way to explain the correlation between the two
modes. They theorised that the bimodality is produced by the activation of droplets of above
critical size to become mode 2, while bare or only thinly-covered particles remain as mode 1.
Both modes grow in size by the condensation of sulphuric acid and water from the gas phase.
This is supported by reports that a fraction of mode 1 has a refractive index significantly higher

than that of sulphuric acid (Gnedykh et al., 1987, via Titov et al., 2018; Toon et al., 1984).

In recent years, as optical techniques have improved, some measurements of the refractive index
at the cloud top have found refractive indices in mode 2 that are too high for pure sulphuric acid,
leading to proposals that the absorber is in the mode 2 cloud droplets as well as mode 1. The most
straightforward explanation for this (though not the only one) is that the absorber is the component

of mode 1 that acts as a CCN (Petrova, 2018; Petrova et al., 2015).

1.4.3.2 Glories
Observations near opposition (when the observer is located between the sun and Venus, resulting

in very low phase angles) by Venus Express resulted in the observation of glory patterns in the
UV, visible, and IR channels of the VMC (Markiewicz et al., 2014; Petrova et al., 2015). Example

images and averaged intensity phase functions for the three wavelengths are shown in Figure 1.24.
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Figure 1.24. From Markiewicz et al. (2014). Left: Intensity phase functions of glory patterns at
(top to bottom): 365 nm (UV), 513 nm (visible), and 965 nm (near-IR) and right: glory images
at the corresponding wavelengths. The glory is most prominent in the UV image, but
superimposed contrasts from the inhomogeneous NUV absorption introduce additional

complexity.

Glories are an optical phenomenon in which light undergoes internal reflection in a spherical
droplet, producing a series of concentric coloured rings (in white light) or dark and light fringes
(at a particular wavelength) (Laven, 2005). Their observation and analysis allow for independent
assessment of the size and refractive index of the droplets in the upper cloud layer (Markiewicz

et al., 2014; Petrova et al., 2015).

Markiewicz et al. (2014) reported that the observed glory patterns at 965 nm (as absorption in the
UV and visible wavelengths made retrieval of the shape of the glory difficult) were consistent
with a narrow size distribution of cloud droplets with radius 1.2 pm and horizontal homogeneity
of at least 1200 km. However, rather than the expected real refractive index for the cloud droplets
of n = 1.44 (for 75 wt% sulphuric acid at cloud top temperatures), the shape of the phase function
was consistent with a refractive index of n = 1.48, too high for pure sulphuric acid, even at
different temperatures (Figure 1.25). Petrova et al. (2015) predicted spatial homogeneity of
~2000 km, with the radius and real refractive index varying, and found some indication of a
dependence on latitude or local time: for example, at midday, poleward of 20°, glories could be
fitted well with a real refractive index of 1.44 and a particle radius of 1.05 pm, whereas higher

refractive indices were found predominantly (but not exclusively) in the equatorial regions in the
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morning. Petrova et al. (2015) noted that, if the size distribution of particles were broad, the phase
position of the glory features produced by each droplet size would not align, destroying the
feature. While Petrova et al. found regions that could be explained by pure sulphuric acid droplets,
they, like Markiewicz et al. (2014), also found glories where the real part of the refractive index

n = 1.48 was required.
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Figure 1.25. From Markiewicz et al. (2014). Intensity phase curve observations at 965 nm with

predicted phase functions for (top curve) droplets of radius 1.2 um with varied real refractive
index, and (bottom curve) droplets with best fit refractive index 1.48 and varied radius. The two

curves are offset vertically for clarity.

Markiewicz et al. (2014) and Petrova et al. (2015) suggested that an additional component in the
droplets was required to increase the refractive index and proposed ferric chloride or sulphur, two
particulate candidates for the unknown UV absorber with higher refractive indices than sulphuric
acid. Petrova et al. (2015) reported them as >1.60 and 1.95 respectively. The uncertainty in the
refractive index of ferric chloride, a birefringent and deliquescent mineral, is indicative of its

poorly characterised optical properties.

Petrova (2018) modelled the addition of refractive and absorbing particles of approximately mode
1 size in the cloud droplets using T-matrix modelling (a method of calculating light scattering by
non-spherical particles; Waterman, 1971). As can be seen in Figure 1.26, the addition of absorbing
particles into a 1.4 pm droplet with n = 1.48 provides a much better match to the observed glory
pattern. Petrova took sulphur and ferric chloride as examples, but the findings apply to any

absorbing particulate species that behaves in a similar way.
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Figure 1.26. From Petrova (2018). For droplet radius 1.4 um, the fit to observed data (red) is

improved when the real refractive index is set to 1.48 and absorbing mode 1-size particles are

included in the droplets.

Young (1983) demonstrated that sulphur cannot form a core within a sulphuric acid droplet but
will instead stick to the outside of the droplet. This behaviour is so pronounced that almost fully
sulphur-coated sulphuric acid droplets cannot become spherical when coalescing, instead forming
a dumbbell shape to maintain sufficient surface area for the sulphur. Conversely, ferric chloride
can enter into the bulk of a sulphuric acid droplet (Zasova et al., 1981). Petrova (2018) therefore
modelled two main cases: mode 1 particles within the droplets, and mode 1 particles stuck to the
surface of the droplets. She reported that the inclusions of ferric chloride provided the correct
glory shape in intensity, whereas for adhered particles, the glory shape was destroyed if too many
particles were adhered to the surface, and the wrong shape if fewer were adhered. This therefore
rules out sulphur and any other particulates that cannot be wetted by sulphuric acid from being
the cause of the observed glory patterns. Conversely, ferric chloride or other similarly-behaved

particulates are capable of producing the observed effect.

However, while the intensity phase functions are well explained by the inclusion of refractive,
absorbing particles in the cloud droplets, Petrova (2018) reported that the polarisation phase
function was only consistent with homogeneous droplets, and the phase behaviour was destroyed
by the inclusion or adhesion of particles to the droplet. Petrova argued that, as polarimetry probes
a much thinner layer at the cloud tops than the intensity does, these observations could be
explained by having a layer of pure cloud droplets at the top of the cloud and a layer below of
cloud droplets with inclusions. Multiple scattering by the cloud layer above that where the
intensity phase function is formed would decrease the brightness and smooth the glory somewhat
but would not change the shape and ratio of the central (phase angle = 0°) and glory (the local

maximum at ~10 — 20° in Figures 1.24 — 1.26) maxima. The overall shape of the glory would still
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survive unchanged. This is similar to Pollack et al. (1980)’s requirement that the unknown UV
absorber exist within the upper cloud, but be absent from some depth at the cloud top, supporting
proposals that the inclusions in the sulphuric acid cloud droplets responsible for the glory shape
are the unknown absorber. Alternatively, the requirements for both a higher refractive index and
some absorption, and a homogeneous droplet could be achieved by additives to the droplets that

dissolve into the droplet, producing a slightly absorbing liquid.

1.4.4 Candidates for the cause of the absorption
In addition to the measured spectral shape, which any unknown absorber candidates should match

well, observations of the 2D distribution and variability can inform criteria the candidates need

to meet.

The absorber is likely part of mode 1, and potentially within mode 2 as well in the upper clouds.
This is explained neatly if the absorber is a suitable CCN that is wetted by sulphuric acid. A
gaseous absorber is not ruled out, but an additional particulate species would be required to
explain the mode 1 and 2 refractive index anomalies without interfering with the UV absorption
in that case. The absorber exists within but not at the very top of the upper clouds, in order to

reproduce the observed angular dependence in the strength of absorption.

The absorbing species should have either a long chemical lifetime within the clouds or be formed
from and destroyed to reform a reservoir species with generally constant concentration and a long
lifetime, in order to produce the observed periodicity of the large 2D dark regions in the cloud
tops. The correlation between the unknown absorber and observed absorption at 283 nm (the
wavelength of maximum SO, absorption) indicates that the absorber should either be correlated

to SO concentration or should absorb at 283 nm more strongly than at 365 nm.

Two broad categories exist that most absorber candidates in the literature fall into. Many are
sulphur-based, due to the extensive sulphur cycle that exists on Venus (Section 1.5.2) and the high
known concentrations of sulphur parent species that absorber candidates, such as polysulphur,
polysulphur oxides, and S,0O», can form from (e.g., Francés-Monerris et al., 2022; Frandsen et al.,
2016; Pinto et al., 2021). Iron-containing compounds were proposed originally because, as a
transition metal, it was one of the few metals able to readily produce coloured compounds (Kuiper,
1969). The injection of iron from meteoric ablation (Frankland et al., 2017; Knollenberg &

Hunten, 1980) provides a ready source of iron, as could the surface rocks (Krasnopolsky, 2017).

Limaye et al. (2018) proposed the possibility of the UV absorption being caused by microbial life
in the clouds of Venus. They argued that the lower cloud could be a suitable location for microbes
due to the temperature and pressure being similar to the Earth’s surface, and compared the UV
absorption to that of various terrestrial microbes, arguing for their suitability as candidates for the
absorber. However, the spectra they provided for biomolecules and bacteria bear far less

resemblance to the unknown UV absorber spectrum than any of the other candidate, and the
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unknown absorber is known to be located in the upper clouds (Pollack et al., 1980), not the lower
clouds as Limaye et al. (2018) argue would be suitable. No further consideration will be given to

microbes or biological molecules as an absorption candidate.

1.5 Sulphur

1.5.1 Sulphur candidates

1.5.1.1 OSSO
As can be seen in Figure 1.19, a comparison of several absorber candidates to the Venusian

absorption spectrum, OSSO has an absorption spectrum that most closely matches that of the
unknown UV absorber deduced by Pérez-Hoyos et al. (2018). The “OSSO” spectrum appears to
be produced by taking the maximum values at a given wavelength of the predicted absorption
spectra of two of molecules: ¢is-OSSO, which has an absorption maximum centred at 316 nm,
and trans-OSSO, with absorption centred at 364 nm (Frandsen et al., 2016). Formed from two
SO monomers in a three body recombination reaction, six isomers of S,O, were reported to be
formed, but Frandsen et al. (2016) reported that only three should form in non-negligible
quantities: cis-OSSO, trans-OSSO, and cyclic-S,0,, which Frandsen et al. labelled C;-S;0..
Energy level predictions by Hochlaf et al. (2021) agreed with the energies reported by Frandsen
et al. (2016). The cis-, trans-, and cyclic forms were reported to have been observed
experimentally by Wu et al. (2018) in a matrix isolation study, and confirmed as the primary
products of the recombination. A fourth form, trigonal-S,0, is the lowest energy isomer and so
had previously been generally assumed to be the dominant form of S,0, on Venus (Krasnopolsky,
2012). However, it is only formed from cyclic-S,0,, which is itself formed from trans-OSSO
(which is formed either from cis-OSSO or directly from two SO monomers). The formation of
both cyclic-S,0, and trigonal-S;0, have prohibitively high transition state energies and so the
cyclic form is expected to be no more than 1 —2 % of the Venusian S,0, (Frandsen et al., 2016).
Cis- and trans-OSSO were reported to make up the majority of the S,0O, (with an approximately
7:3 ratio of cis-OSSO to trans-OSSO) (Frandsen et al., 2016).

However, despite its promising agreement with Pérez-Hoyos et al. (2018)’s UV absorber
spectrum, OSSO is not proven to be the unknown absorber. The absorption exhibited by OSSO
occurs when the molecule photodissociates, producing a very short lifetime (on the order of
seconds) of OSSO in sunlight (Frandsen et al., 2016). As the UV contrasts are observed to persist
for at least a full rotation of the atmosphere (~4 — 5 days) (Boyer, 1973; Rossow et al., 1980;
Travis et al., 1979b), the lifetime of OSSO seems too short to reproduce these effects. 1D
photochemical modelling by Pinto et al. (2021) and Krasnopolsky (2018) assumed a 7:3 formation
ratio of cis- and trans-OSSO, rather than a resulting concentration after photolysis as reported by
Frandsen et al., but reproduced broadly the same findings, with only differences in the relative
concentrations of the different isomers. However, the highest OSSO abundance predicted by

photochemical models occurs above the clouds (>75 km) (Krasnopolsky, 2018), whereas the
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unknown UV absorber must be located in the upper clouds (Pollack et al., 1980). The predicted

abundances of OSSO on Venus are “two orders of magnitude too low” to account for the observed
absorption (Pinto et al., 2021), suggesting that, while some contribution to the absorption may be

due to OSSO, it cannot be the (or even a) main absorber.

1.5.1.2 5,0
While the abundance of OSSO may be too low to account for the observed UV absorption, Pinto

et al. (2021) proposed that it is instead a key intermediate product in the production of polysulphur
oxides, S,O, where n = 2 — 4 in their photochemical models. They proposed that S,O could be the
unknown absorber. Hapke and Graham (1989) reported that S>O forms at low temperatures from
SO,. If warmed above (or produced above) 115 K, it partially decomposes and forms polysulphur
oxides (S»O, n>2) and SO..

A reported absorption spectrum of S,O is shown in Figure 1.19. Hapke and Graham (1989)
reported reflectance spectra of S,O and polysulphur oxide and the absorbance spectrum of
polysulphur oxide (Figure 1.27), though they found that the thin film deposited for absorption
measurements was non-uniform and so no numerical values or units were given. Curiously, there
is no indication in the absorbance spectrum of the polysulphur oxide of the plateau seen in the

reflectance at 200 — 400 nm.
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Figure 1.27. From Hapke and Graham (1989). Top left: Reflectance of S,O at 77 K.
Top right: Reflectance of polysulphur oxide (PSO) at 195 K. Reflectance spectra at 400 —
600 nm were also provided at 77 K and 295 K with only minor changes in shape. Bottom:

Absorbance of polysulphur oxide thin film at room temperature.



61

Frandsen et al. (2016) reported that the abundances of S,O on Venus are too low to provide the
required UV absorption. Pinto et al. (2021) appeared to agree, reporting that the gas phase
abundances of S,O are too low to account for all of the observed UV absorption. However, they
argued that a combination of condensed and gas-phase elemental polysulphur and S,O, and

potentially an additional absorber such as ferric chloride, could provide the full absorption.

1.5.1.3 S,
While Pollack et al. (1979) found that elemental sulphur was unable to match the absorption

spectrum of the unknown UV absorber at the low temperature in the cloud tops, other works
continued to argue for its inclusion among candidates. Steudel et al. (1986) reported that the
irradiation of Sg by UV light caused a colour change from white to yellow that could be
responsible for the colouration of Jupiter’s moon lo. They speculated that the irradiation produced
new absorption bands in the sulphur spectrum. Hapke and Graham (1989) took spectra of these
irradiated forms of elemental sulphur formed at 77 K (liquid nitrogen temperature) and found that
the absorption peak in the un-irradiated sulphur simply became broader when UV-irradiated, but
a small new absorption band did appear when X-ray irradiation occurred. Their reflectance spectra
are shown in Figure 1.28. A temperature of 77 K is far lower than the atmospheric temperature in
the Venusian clouds, or even the atmosphere more generally (Figure 1.6). Hapke and Graham
(1989) reported that when allowed to warm up, the UV-irradiated sample (pale yellow) and the
X-ray-irradiated sample (orange-pink) both became white, like the un-irradiated sample, “well
below room temperature”. They do not give an exact temperature for this change, but Steudel et
al. (1986) reported that the yellow colour was lost “near 260 K when slowly warmed. If the
temperatures measured by Steudel et al. and Hapke and Graham are the same, the colour could
persist in the upper clouds. However, if the colour loss observed by Hapke and Graham was at a

lower temperature, that would preclude the possibility Sg as a UV absorber on Venus.
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Figure 1.28. From Hapke and Graham (1989). The reflectance spectra of unirradiated, UV-
irradiated (by exposure to a Hg-Xe lamp for 30 minutes), and X-ray irradiated (by exposure to a

commercial x-ray tube for 2 minutes) flowers of sulphur at 77 K.
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Pinto et al. (2021) predicted the formation of elemental sulphur, S, (n = 1 — 7), in their
photochemical model and suggest it, along with polysulphur oxides (and/or ferric chloride) could
explain the UV absorption. Francés-Monerris et al. (2022) modelled polysulphur formation
(modelling only n =2 —4, but taking this as a proxy for total particulate sulphur) from the reaction
of S,0 and SO. The absorption spectra of polysulphur (n = 2 — 8) compounds with different
molecular structures were investigated by Skog et al. (2024). Two molecules, a bent chain isomer
of S; and the trigonal isomer of S4 were reported to have some similarity to the Venusian absorber.

Laboratory spectra of these species have not been reported.

1.5.2 Sulphur chemistry
The current understanding of the sulphur chemistry on Venus is summarised in Figure 1.29.

Reactions are taken from the Venus PCM, described in Chapter 2. Sulphur chemistry and
specifically the formation and loss of S,0, is detailed in Chapter 3.

Figure 1.29. An overview of the sulphur chemistry in the Venusian atmosphere. Reactions are
from the Venus PCM (Chapters 2 and 3). S,0» is a combination of cis- and trans-OSSO, and
cyclic-S,0,. Collision partners are indicated on arrows. /v indicates photolysis, M indicates

thermal decomposition after collision with a third body, usually COs.
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1.5.3 Open questions

Observations of SO, above and below the cloud deck differ by three to four orders of magnitude
(Figure 1.30). A sharp decrease is seen at the base of the cloud deck and an increase at the cloud
tops (Bertaux et al., 1996; Mahieux et al., 2023a; Sandor et al., 2010). The observed profile
currently cannot be explained by known Venusian sulphur chemistry, and it is clear that a
significant sulphur reservoir in the cloud layer is missing from photochemical modelling of Venus
(Bierson & Zhang, 2020; Rimmer et al., 2021; Vandaele et al., 2017; Yung & DeMore, 1982).
Sulphur-containing candidates for the unknown UV absorber are often also candidates for the

sulphur reservoir (Frandsen et al., 2016; Zhang et al., 2012).
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Figure 1.30. SO; observations above and below the cloud deck. A decrease of 3 — 4 orders of

magnitude is seen between observations above and below the cloud base.

An alternative solution was proposed by Rimmer et al. (2021), who posited that the inclusion of
hydroxide salts or hydrocarbons within the sulphuric acid clouds would buffer the acid
concentration and increase SO» uptake into the droplets. However, they did not identify a source
of the buffering materials, and calculated a continuous required flux of 6 x 10'° molecules cm™ s™,
four orders of magnitude higher than meteoric injection could provide, even assuming all injected

material could provide the required cloud buftering.

They proposed that, alternatively, the decrease could be explained if the below-cloud observations
of SO, and/or H,O are incorrect. By decreasing below-cloud SO, below observed levels, or
increasing H>O above observed levels (as H,O reacts with SO; to produce H.SOys, but the observed
below-cloud ratio is insufficient to remove the observed concentration of SO, by this reaction),
Rimmer et al. (2021) could reproduce the decrease through the cloud deck in their 1D model, but
not the subsequent increase above 80 km reported by Sandor et al. (2010) and Mahieux et al.
(2023a).
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1.6 Iron

1.6.1 Iron candidates

1.6.1.1 Iron chloride
Before the Venusian cloud structure was measured directly, Kuiper (1969) proposed a list of

transition metal compounds that could potentially cause the absorption. At the time, the prevailing
model was of a yellow, UV absorbing layer with a patchy, UV-bright layer responsible for the
observed UV patterns over the top. Kuiper presented a series of reflectance spectra for the
candidates for the “yellow haze layer” and reported best agreement for a bright NH4Cl haze over

yellow “partially hydrated” ferrous chloride clouds.

Once more was known about the Venusian cloud structure and the UV bright clouds known to be
sulphuric acid, Zasova et al. (1981) reported that a mixture of 1% ferric chloride in 75% sulphuric
acid produced an absorption coefficient consistent with Venus. However, they (and Kuiper, 1969)
did not report absorption spectra. Kuiper reported reflectance spectra (Figure 1.31), while Zasova

et al. reported only their modelled albedo for the cloud model (Figure 1.32).
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Figure 1.31. From Kuiper (1969). Reflectance spectra of anhydrous (top) and hydrated (bottom)

ferric chloride.
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Figure 1.32. From Zasova et al. (1981). Predicted albedo of FeCl; in sulphuric acid cloud
droplets (dashed line) compared to the observed Venusian albedo (solid line). “mkm” in the
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Expanding on Zasova et al. (1981)’s proposal, Krasnopolsky (2017) proposed that a volume
mixing ratio (vmr) of 19 ppb of ferric chloride in the Venusian surface rocks would be sufficient
to explain the absorption. He proposed that the ferric chloride would evaporate from the rocks
due to the high surface temperature and recondense higher in the atmosphere. Their solubility in
sulphuric acid would make them suitable CCN, and the inclusion of a ferric chloride particle of
0.2 um radius in a 1 um radius sulphuric acid cloud droplet (the approximate radii of modes 1 and
2, respectively, in the upper clouds) would result in a solution of ~1.3 wt%, as predicted by Zasova

et al. (1981)

However, as can be seen from Figure 1.19, the absorption spectrum of ferric chloride in use in the
literature is too narrow to account for the full Venusian UV absorption (Pérez-Hoyos et al., 2018).
While this might be expected to rule out ferric chloride as the absorber (unless mixtures are
considered), the optical properties of ferric chloride are poorly understood. It is a “highly
deliquescent birefringent crystalline material” (Petrova et al., 2015), and as such its refractive
indices are poorly characterised and highly dependent on its environment. The spectrum used by
Pérez-Hoyos et al. (2018) was measured in an ethyl acetate solvent (Aoshima et al., 2013) due to
the scarcity of available spectra in the literature. Reported spectra of FeCls in hypersaline
(HCI/LiCl) solutions produce very different spectra (Liu et al., 2006). The choice of solvent is
clearly of vital importance when measuring FeCl; absorbance, so the spectrum measured in ethyl

acetate may not be at all representative of FeCls absorbance on Venus.

1.6.1.2 Meteoric smoke particles
A compound that is periodically mentioned in the literature as a potential absorber is meteoric

material (e.g., Knollenberg & Hunten, 1979a; Pollack et al., 1979). Frankland et al. (2017)
proposed that meteoric smoke particles (MSPs), formed by recondensation of the metallic vapours
produced by the ablation of cosmic dust above 100 km and likely to have olivine-like composition

(i.e., FeMgSiO4), would adsorb into sulphuric acid cloud droplets and catalyse the formation of
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CO; from CO and O,. Without such a reaction, the photolysis of CO, would result in significantly

higher abundances of CO and O, than are observed in the lower Venusian atmosphere.

Saunders et al. (2012) measured the dissolution of iron from surrogate MSP particles in sulphuric
acid solutions and found that UV absorption occurs, increasing with time as iron sulphate ion
complexes form (Figure 1.33). While they identified the spectra as containing contributions from
Fe’* and Fe(SO4), alone (with no contribution from the undissolved MSP analogues, and
insufficient absorption beyond 300 nm to match the unknown absorber), the influx of iron from
meteoric sources to produce UV absorption in at least part of the range of the unknown absorber
should not be discounted. At the very least, the tail of the sulphate absorption at >300 nm should

be accounted for in calculations of the spectrum of the unknown absorber.
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Figure 1.33. From Saunders et al. (2012). UV absorbance spectrum of MSP analogues in

sulphuric acid with time after the addition of the particles.

1.6.1.3 Rhomboclase and acid ferric sulphate
Jiang et al. (2024) reported that a combination of two iron-sulphur mineral phases, rhomboclase,

(H502)Fe(S04):-:3H>0, and acid ferric sulphate, (H;O)Fe(SOs),, could explain the UV absorption
(Figure 1.34). They argued that the clouds may contain regions of more dilute sulphuric acid
(<50 wt%) and high water concentration (mixing ratio > 107), though these suggestions are not
supported by observations. They reported concentrations of 1 —2 % iron within the clouds in these

two phases would be sufficient to explain the absorption.
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Figure 1.34. From Jiang et al. (2024). The combination of acid ferric sulphate and rhomboclase
to produce the best fit (gold) to the measured spectrum of the unknown UV absorber
(MASCS-2007: Pérez-Hoyos et al. (2018), ABCE-2020: Lee et al. (2022)).

1.6.2 Observations
Petryanov et al. (1981)? reported that Venera 14 detected iron in the atmosphere during its descent.

The ratio of iron and chlorine were compared, and best agreement found for ferric chloride.
Krasnopolsky (1989) reported that the Vega descenders detected iron mass loading consistent with
1% of the cloud aerosol being ferric chloride. However, only a single average value of iron mass

loading was reported from the lower clouds, so this may not be valid for the full cloud layer.

1.6.3 Meteoric injection
The terrestrial planets receive cosmic dust from a variety of sources, including Jupiter Family

Comets, the asteroid belt, and Long Period Comets (Carrillo-Sanchez et al., 2020). This material
enters the atmosphere at hyperthermal speeds and a significant fraction ablates, producing MSPs.
Spherules formed of incompletely ablated meteoric particles are found in polar ice cores on Earth
(Brooke et al., 2017). Meteoric ablation introduces fluxes of Mg, Fe, Si, Na, S, Ca, K, and other
elements, which form observable atmospheric layers of atoms and ions (Carrillo-Sanchez et al.,
2020; Gomez Martin et al., 2017; Plane, 2003). These layers have been observed on Earth (Plane
et al., 2015), and Mars (Crismani et al., 2017; Grebowsky et al., 2017; Plane et al., 2018). No
direct observations of meteoric metal layers have been reported on Venus, though apparent layers
of high electron density have been observed by the VeRa instrument on Venus Express (Pétzold
et al., 2009). Similar layers observed on Mars could not be explained by ablation of meteoric
metals (which have been directly observed), so these observations are not taken to be reliable

measures of meteoric injection at Venus (Crismani et al., 2019). Instead, meteoric input was

2 Only available in Russian.
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estimated with a combined solar system dust model and chemical ablation model, which predicted
a total input of 31.0 £ 15.5 t d”' to the Venusian atmosphere (Carrillo-Sénchez et al., 2020). Iron

is predicted to ablate above 95 km (maximum at ~115 km) and provide a flux of 4.09 t d™.

Meteoric sulphur injection is less well measured, but can be calculated by scaling the predicted
sodium injection profiles (100 — 130 km, 0.37 t d') by a factor of 8.8 to correct for the relative S
to Na mass ratio in the source comets and asteroids, with both elements assumed to ablate with

similar efficiencies (Carrillo-Sanchez et al., 2020; Gomez Martin et al., 2017).

1.7 Conclusions
Despite its apparent similarity to Earth in size and position within the solar system, Venus is a

very different planet, and many assumptions that could be made based on the Earth do not hold.
It has a very different atmospheric structure, lacking a stratosphere, and has permanent and total
cloud cover across the whole planet. It has a strong greenhouse effect, and little observed diurnal
variation in temperature and pressure below the thermosphere despite its slow rotation and long

solar days.

Venus’s position as Earth’s closest and most accessible planetary neighbour led to many early
space missions to Venus. However, after an initial golden age of exploration in the 1970s and 80s,
only two dedicated Venus missions have been undertaken since (with an additional five spacecraft
making observations during gravity assist manoeuvres en-route to their primary bodies of
interest). As a result, many of the models of Venus are based on brief sets of observations in the
1980s and have not been updated since. Following JAXA’s announcement that they had lost

contact with their Akatsuki orbiter in early 2024, there are currently no spacecraft active at Venus.

There are therefore several key parts of Venus that are not well understood, in particular the
sulphur chemistry in the lower and middle atmosphere, and the cause of the pronounced
inhomogeneous absorption measured in ultraviolet light. The primary aim of this thesis is to

contribute to solving the mystery of this absorption.

In this thesis, two candidates for the absorber are considered: OSSO and FeCls;. Both are
investigated using a combination of 3D photochemical and dynamical modelling and 1D radiative
transfer modelling to investigate the concentrations of the two that can be produced within the
atmosphere from predicted chemical processes and the meteoric injection of iron and sulphur. The
models used are described in detail in Chapter 2. The results of the sulphur and iron modelling

are presented in Chapters 3 and 5 respectively.

As there are no published measurements of the absorption spectrum of FeCls in sulphuric acid,
laboratory experiments were undertaken to measure the absorption spectrum and estimate its
lifetime in the Venusian cloud droplets. These experiments and results are presented in Chapter
4. The results of the lab work were used in the radiative transfer modelling of FeCls, presented in

Chapter 5. The work is summarised and potential future work on the topic outlined in Chapter 6.
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2. Overview and validation of models

In this chapter, the three main computer models used in this project are outlined. The IPSL Venus
PCM calculates the 3D dynamics, cloud microphysics, and photochemistry. The basics of the
model are outlined in Section 2.1 and compared to observations. Radiative transfer modelling is
performed using SOCRATES (Suite Of Community Radiative Transfer codes based on Edwards
and Slingo), the multiple scattering radiative transfer module developed by the UK Met Office
for Earth modelling. An outline of the basic code is provided here, along with details of the
alterations made for its application to Venus (Section 2.2). A brief outline is also provided of a 1D
coagulation and sedimentation model, which is used to extrapolate model results to longer times

than is computationally feasible with the PCM (Section 2.3).

The PCM is used to model the effects of new chemistry detailed in Chapters 3 and Chapter 5. The
temperature, pressure, and species mixing ratios from the PCM are used in SOCRATES to predict

flux through the atmosphere and estimate the effect of the inclusion of absorber candidates on the

TOA reflectance.

2.1 Venus PCM

2.1.1 Version number and grid size
3D modelling is performed using the Venus PCM (e.g., Gilli et al., 2021; Lebonnois et al., 2010;

Lebonnois et al., 2016; Martinez et al., 2024; Martinez et al., 2023; Stolzenbach et al., 2023),
version r3188. The horizontal grid is divided into 96 latitude and 96 longitude bands (horizontal
grid size of 1.875° x 3.75°). The PCM has been described in many previous works (e.g., Garate-
Lopez & Lebonnois, 2018; Martinez et al., 2024; Martinez et al., 2023; Stolzenbach et al., 2023).
It couples dynamics, photochemistry, and a microphysical cloud model and reproduces the broad
features observed on Venus, such as the existence of the cold collar (Section 2.1.2.1), comparable
cloud density to observations (Section 2.1.2.2), and atmospheric super-rotation and winds

(Section 2.1.2.3).

2.1.2 Released PCM overview and validation

2.1.2.1 Temperature
Figure 2.1 shows a comparison of the zonal mean temperature produced by the PCM (coloured

contours) with zonal and temporal mean radio occultation measurements from Venus Express and
Akatsuki (grey contours) (Ando et al., 2020). At low latitudes, the model produces slightly
warmer temperatures than observations (see, for example, near the equator around 70 km,
observations report a temperature of 230 K, while the PCM produces 235 K in this region). The
isolines from Ando et al. (2020) have a vertical separation of less than a single PCM gridbox
(~ 2 - 3 km), making some discrepancy unavoidable. The discrepancy decreases lower in the
atmosphere and the PCM slightly underestimates the temperature at the cloud base and below

near the equator.
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zonal average of radio occultation measurements from Venus Express and Akatsuki (grey
contours) (Ando et al., 2020). Alternating contours are shown with thicker lines to aid

comparison between the two datasets.

Stolzenbach et al. (2023) also noted this temperature discrepancy in their validation and
highlighted that the lower temperature results in a smaller scale height for the atmosphere. The
pressure therefore decreases more rapidly with increasing altitude in the PCM than observed,
producing lower number atmospheric number densities at the same altitudes when compared to

the Venus International Reference Atmosphere (VIRA).

The most significant difference seen between observations and the model is with regard to
latitude: the PCM produces features located approximately 20° higher in latitude in both
hemispheres than seen in observations. This is most noticeable in Figure 2.1 for the cold collar —
the low temperature region near 65 km at + 60° in the observations, occurs at ~62 km and + 80°

in the PCM.

Figure 2.2 shows a comparison of the zonal mean PCM temperature in latitude bands (northern
and southern hemispheres are combined) compared to instantaneous profiles from the Pioneer
Venus descent probes (Seiff et al., 1979), average profiles recorded by the SOIR (Solar
Occultation in Infra-Red) instrument on Venus Express (Mahieux et al., 2023b), and average
profiles from radio occultation measurements from the Pioneer Venus, Akatsuki, and Magellan

orbiters and VIRA and VIRA 2 compilations (Ando et al., 2020).
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The PCM reproduces the observed shape of all temperature profiles except those measured by
SOIR. In the low- to mid-latitude bands, the PCM reproduces the broad trends seen by SOIR,
with minima near 90 km and 130 km, but the temperature range produced is much smaller than
reported by SOIR, and the minima and maxima occur higher in the atmosphere than recorded by

SOIR.

At the narrow ranges of altitudes and latitudes where other observations overlap with SOIR
(75— 110 km in Figure 2.2b; 70 — 85 km in Figure 2.2¢; 70 — 85 km in Figure 2.2d), there is
broadly good agreement between all observations except SOIR, and of the PCM with the other
observations. In particular, in the high latitude and polar regions, SOIR reports very low
temperatures, increasing with altitude near 70 km, in direct contradiction of all other observations.

It is not currently clear why observations from SOIR are so different from all other observations.

Insets in Figure 2.2 show that while the agreement with observations is generally good, the model
tends to be towards the higher end of, or slightly exceed, observations through the clouds deck,

as seen in Figure 2.1 and highlighted by Gilli et al. (2021) and Stolzenbach et al. (2023).

2.1.2.2 Cloud microphysics
The microphysical cloud model is described in detail in Stolzenbach (2016) and Stolzenbach et

al. (2023), so only a brief overview is provided here. The model assumes thermodynamic
equilibrium of the liquid and gas-phase H,O and H,SO4 at all times (i.e., there is no
supersaturation or subsaturation allowed in the model). The model adopts three log-normal
(Equation 2.1) size modes of cloud particles as measured by the Pioneer Venus LCPS
(Knollenberg & Hunten, 1980). Knollenberg & Hunten reported a Gaussian distribution for mode
2, but a log-normal that approximates it is used here instead. The cloud particles consist of pure
aqueous sulphuric acid for modes 1 and 2 (100 — 200 nm and 1.0 — 1.4 pm geometric mean radii
(r¢) respectively), and mode 3 (7, = 3.65um) consisting of 97% basalt by radius, with a coating of

sulphuric acid.

The log-normal distribution is given by:

2
r

aN = N ex ——<ln(€)> (2.1)

din(r) o,\2m P 20,° '

where gy is the geometric standard deviation and N the total number density of the mode.

The H>SO4 and H>O vapour pressures above the droplets (py,so,, Pr,0) and the HSO4 weight
fraction of the condensed phase (wy,so,) are found by iteratively solving the Kelvin equation

(Equation 2.2) and saturation vapour pressure of the H>SOs4 (Equation 2.3) while requiring

conservation of the species between the gas and liquid phases (Stolzenbach et al., 2023):
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2My OGS(WH SO )
| — = =22 ] =0 2.2
H(PHZO) RTrpg (WH2504) H(PH2504) (2.2)
Psaturation = PH,s0, = TH,s0, (T: WH2504)Pa (T) (2.3)

where Iy, 5o, (T, WH, 50 4) is the chemical activity of the acid, p, is the saturation vapour pressure
over pure H2SOs, 65 is the surface tension of the droplet, py is the droplet density, My, o is the
molecular weight of water, R is the ideal gas constant, r is the radius of the droplet, and T is the

temperature.

The number densities of the condensed and gas phases of H,O and H,SO4 can then be calculated.
The total mass density of the condensed phase is partitioned into the three modes based on mass
fractions from the LCPS. The cloud droplets sediment downwards according to the Stokes

velocity of the droplets.

Figure 2.3 shows a comparison of the mass loading produced by the PCM compared to the mass
loading observed by the LCPS. The PCM follows the broad trend of the observations, but
produces a lower cloud base (~42 km) compared to observations (~47 km). Stolzenbach et al.
(2023) report that this is due to the temperature difference between the model and observations,

which affects the conversion from pressure to altitude, as noted in Section 2.1.2.1.
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Figure 2.3. PCM global average cloud particle mass loading compared to measurements from

the LCPS (Knollenberg & Hunten, 1980).

The lower vertical resolution of the PCM compared to the LCPS data means that the minima
between the upper, middle, and lower clouds (at 57 and 50 km) and the lower pre-cloud layers
(sharp spike in mass loading at 47 km) cannot be reproduced in the PCM.
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The PCM also tends towards the lower end of LCPS observations and does not capture the high
mass loading in the lower clouds. This effect is due to the different representations of the cloud
deck. The LCPS measured total particle number density across 17 size bins. All particles are
included in this, which may not all be sulphuric acid. The conversion to mass loading from the
diameter of the cloud particles assumes spherical sulphuric acid and is dominated by the largest
size particles due to this conversion. Mode 3 is modelled as thinly coated solid cores rather than
pure sulphuric acid droplets in the PCM. The result is therefore the same size distribution of

droplets with less than 10% of the sulphuric acid content that was assumed by the LCPS.

The particles detected by the LCPS below the cloud base at 47 km are generally referred to as the
“lower haze”. Due to the high temperatures below the cloud deck, it is generally accepted that the
lower haze is not composed of sulphuric acid (Titov et al., 2018), and as such is not reproduced

by the PCM.
2.1.2.3 Winds

The PCM dynamics reproduce the overall trends seen in observations: mean zonal wind is
westward, following the retrograde rotation of the planet, with strong super-rotation produced at
the cloud tops (60 — 70 km), reaching speeds of 100 — 120 m s™' (Lebonnois et al., 2010). Winds
through the clouds deck and lower atmosphere have been measured sporadically over the past 40
years by a variety of methods. Observations are summarised in Table 2.1, and winds produced by

the PCM compared to observations in Figures 2.4 —2.7.



Table 2.1. List of observations and models included in Figures 2.4 —2.7.

Altitude Latitude
Reference Wind Method range / km range Local time Comments
4.4° 07:58 Large
Counselman et al. _ Radio tracking of 59.3° 03:35 North
u, v (instantaneous) 0—-60km
(1980) probes -31.3° 06:46 Day
-28.7° 00:07 Night
70, 60, 50, 40
u Model All All VIRA
km
-10° 06:24 Venera 8
32° 13:12 Venera 9
Kerzhanovich and Radio tracking of 16° 13:42 Venera 10
_ u 0—60 km
Limaye (1985) Venera probes -7° 11:16 Venera 12
-7.5° 09:27 Venera 13
-13.4° 09:54 Venera 14
Mariner 10 UV cloud Data from Travis
u Upper clouds 60 — 0° Day
tops (1978)
Khatuntsev et al. VEx: VMC cloud
Uavg, Vavg 49 — 57 km =75 — -5° Day

(2017)

tracking (965 nm)

75



Pioneer Venus OCPP

Polarimetry
) 270 nm -55 —43°
Limaye (1985) u Upper clouds Day
365 nm -35 -25°
550 nm Middle clouds -48 —37°
935 nm Lower clouds -40 — -8°
. Pioneer Venus OCPP
Limaye et al. (1982) u, v Upper clouds -60 — 50° Day
Images
Limaye and Suomi u Mariner 10 UV cloud -56 —51°
Upper clouds Day
(1981) v tops -52 —40°
10:00 —
VEx: VIRTIS-M cloud 17:00
u _ 66 — 72 km -80 —-5°
Machado et al. (2022) tracking (380 nm) 12:00 —
15:00
Uavg, Vave TNG/NICS (2.28 um) ~48 km -80 — 80° Night
Model assumes
cyclostrophic balance
u Model 63, 65, 67 km 5 - 80° All and is based on

Newman et al. (1984)

Pioneer Venus Probe

radio occultation
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Reanalysis of data

Uavg, Vit Gallileo SSI (418 nm) 65 — 70 km -70 - 70° Day from Belton et al.
Peralta et al. (2007) (1991)
8 km lower than 418
Uavg 986 nm 57 — 62 km -14 - 62° Day
nm
MESSENGER MDIS
u, v 60 km -40 — 40° Day
(996 nm)
Peralta et al. (2017)
VEx: VIRTIS-M (1.74
u, v 50 km -35-0° Night
pm)
Peralta et al. (2018) Uavg, Vave Akatsuki IR2 (2.26 um) 50 — 60 km -65 — 65° Night
50 — 60 km
Peralta et al. (2019) Uavg, Vave Akatsuki IR1 (900 nm) -70 — 70° Day
50 — 55 km
Pioneer Venus OCPP
Rossow et al. (1980) u,v Upper clouds -60 — 50° Day
Images
Rossow et al. (1990) Uavg, Vavg 365 nm Upper clouds -66 — 66° Day
62 — 70 km
Uave, Vave VEx: VIRTIS (380 nm) -85 —-4° Day
66 km
Sanchez-Lavega et al. 58 — 64 km
Uavg, Vavg VEx: VIRTIS (980 nm) -85 —-6° Day
(2008) 61 km
44 — 48 km
Uavg, Vavg VEx: VIRTIS (1.74 pm) -85 -3° Night

47 km

77
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Figure 2.4 shows a comparison of the PCM-modelled and observed zonal winds at a range of

heights through the atmosphere.
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Figure 2.4. Comparison of observations of zonal wind in the a) upper clouds, b) upper-to-

middle clouds and c) lower clouds with zonally averaged PCM modelled winds. As the

observation heights are often somewhat imprecise, a range of model heights is included on each

plot.
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It is important to note that many observations were recorded from Venus Express. Due to its
elliptical orbit, with its pericentre above the northern hemisphere (Svedhem et al., 2007), there
are many more observations for the southern hemisphere, where the spacecraft was sufficiently
far from the planet to image significant proportions of the illuminated disc. The model outputs
from Kerzhanovich and Limaye (1985) and Newman et al. (1984), when plotted, are symmetric

about the equator, but are only plotted for the northern hemisphere to aid readability.

Comparison of the zonal wind observations and the VIRA model with the PCM results shows that
while the general features are reproduced, their specific locations differ between the PCM and
observations. Super-rotating jets are produced in the upper and middle clouds. The PCM predicts
that the fastest zonal winds occur at = 70°, in contrast to the observations, which find the strongest
winds between 20 and 50°. The PCM shares marked similarities with the profiles from the VIRA
model (Kerzhanovich & Limaye, 1985), and Newman et al. (1984). Both models assume simple
cyclostrophic balance and show the same shortcomings with reproducing the observations:
overestimating the magnitude of the wind speeds, and locating the maxima too far poleward to
match observations. Observations suggest that the jets are localised to the upper cloud region,
with observed middle cloud wind speeds of approximately 70 m s, and mid-latitude winds
typically the same strength as or lower than those in the low latitude regions (Figure 2.4b).
Conversely, the PCM produces higher winds at mid- to high-latitudes in both hemispheres
throughout the upper and middle clouds.

The magnitude of the zonal wind is reproduced fairly well in the upper and middle clouds, but in
the lower clouds, the PCM underestimates the low- to mid-latitude winds by ~20 m s™. The PCM
produces a marked asymmetry in the profile of the winds between the northern and southern jets
in the low-to-middle clouds. With comparatively few observations of the winds, it is difficult to

say if this is expected.

Specific comparison of the PCM meridional winds with observations (Figure 2.5) is difficult due
to the large uncertainties in observations (due both to variability in measured winds, and large
measurement uncertainties, especially in the lower clouds) but general trends and magnitudes of
the meridional winds are reproduced well equatorward of + 60°. Meridional wind changes rapidly
with height in the PCM, so specific profiles at particular heights may differ from observations

due to differences (and uncertainties) in the altitude at which they were measured.
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Though there are few observations in the polar and high latitude regions, the PCM is clearly
incorrect in these regions. The few observations that there are (Khatuntsev et al., 2017; Peralta et
al., 2007; Sanchez-Lavega et al., 2008) show a decrease in magnitude polewards of 60 — 70°,
while PCM models produce an increase, resulting in the highest meridional wind speeds at and
near the poles. Figure 2.6 shows a 2D slice of the meridional winds modelled at 60 km. Some
observations (Peralta et al., 2019; Sanchez-Lavega et al., 2008) that reach mid- to high-latitudes
show a peak in meridional wind near 60°. The strong winds reaching all the way to the poles will
likely transport too much material to the poles from the low latitudes, limiting the ability of the

PCM to model the latitudinal distribution of the near-UV absorber reliably.

Model time = 2.0 Venus days
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Figure 2.6. Instantaneous PCM-modelled meridional winds at 60 km altitude. The black dashed
line (0°) indicates midnight, the white dashed lines (= 180°, just visible at the edges of the plot)
is midday.

In the instantaneous winds (Figure 2.6), there is a general trend for poleward flow in the mornings
(-180° — 0°) and equatorward flow in the evenings (0° — 180°), but flow is chaotic, with many
small regions showing opposite flow to the general trends. There are several regions of very strong

winds in the high latitude regions which do not seem to be supported by observations.

The poles show a clear anomaly (also visible as a spike in Figure 2.5 at the poles) which is

presumed to be related to the model grid at the poles.

Figures 2.7 and 2.8 show a comparison of the PCM to altitude wind profiles measured by Pioneer
Venus and Venera descent probes (Figure 2.7 only) and the VIRA model (Kerzhanovich &
Limaye, 1985). The PCM is generally in good agreement with the VIRA model, showing the same
general trend and approximate values. There is generally less agreement between the PCM

profiles and probe profiles. All PCM zonal wind profiles below the clouds coincide with each
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other and agree well with the North Probe, which produces significantly lower zonal winds (by

~20 m s) than the average of the probes. However, the meridional component at the North probe

location shows an opposite trend to observations. It is apparent that the PCM is not reproducing

the variation in zonal winds with location that were observed by the Pioneer and Venera probes.

The best meridional wind agreement occurs of for the night probe location, though this is likely

coincidental.
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Figure 2.7. Instantaneous zonal wind measurements from the four Pioneer Venus probes

(Counselman et al., 1980) and Venera 8 — 10 and 12 — 14 during descent (Kerzhanovich &

Limaye, 1985), along with the PCM profiles at each of their latitudes and local times, and the

VIRA model.
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Figure 2.8. Comparison of instantaneous Pioneer Venus probe-measured meridional winds with

the VIRA model and PCM profiles at the same latitudes and local times (Counselman et al.,
1980; Kerzhanovich & Limaye, 1985).
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2.1.3 Model development
To optimise the model running times, two separate branches of model development took place,

one to introduce additional sulphur chemistry into the model, and one to introduce iron chemistry
into the model. This kept the number of tracers in the model to a minimum in both cases,

minimising the time required to run the models.

2.1.3.1 Sulphur model
The model is run with 78 pressure levels from the surface (9.3 x 10° Pa) to ~172 km (3.3 x 10 Pa)

with neutral chemistry as described in Lebonnois et al. (2010; 2016) and no ion chemistry. The

model was run for 9.0 Venus solar days (Vd) to reach photochemical steady state.

Three versions of the model are compared: the released version, r3188, henceforth labelled the
“out-of-the-box” run; a version with more detailed and new sulphur chemistry (“new chemistry”);
and a version with the new chemistry and injection of sulphur from meteoric ablation (“SO MIF”).
All three versions of the model are started from the same initial conditions (mixing ratios of key
species are shown in Figure 2.9). Species that do not appear in the start file (including all new

sulphur species, such as S>0; and CISO) are initialised with a vmr of 107°.

160 A r107°
140 10—3
120 - Lo-1
E 100 &
~ 7 L 1
© CO; 10 )
S 80 N2 100 B
F= — H,0 0
< 604 — co o
sl 39 i
—— HCI
20 0ocs
— SO
0 / T T 107

1071 107 10713 10719 107/ 10°* 107!
Volume mixing ratio

Figure 2.9. Initial molar (volume) mixing ratios of key species in the 78-level model.

2.1.3.2 Fe model
To study iron chemistry, the model is run with 90 levels (extending the top to 8 x 10 Pa, ~250 km)

with neutral and ion chemistry as described by Gilli et al. (2021), Martinez et al. (2023), and
Martinez et al. (2024). The model runs on a non-uniform altitude grid, with higher vertical
resolution near the surface. The model output has been interpolated to grid boxes of uniform

altitude for comparison with observations.

The model was run for 3.0 Vd (the inclusion of the ionosphere made the model run significantly
more computationally intensive) with full ionosphere chemistry to capture the reactions of the
injected metal atoms and ions. The behaviour of most species shows the same general trends as

for the sulphur model. In the absence of a sink for iron (e.g., by settling) the total FeCls
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concentration in the model increases gradually with time, but most other iron species, being part
of chemical cycles (discussed further in Section 5.2), reach steady state rapidly. The initial
concentrations of certain species in the model (Figure 2.10) are slightly different than for the
sulphur model, where the SO, has been deliberately increased (see Chapter 3 and Section 2.1.4).
Species that do not appear in the start file (including all iron species) are initialised to a vimr of

107°.
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Figure 2.10. Initial molar (volume) mixing ratios of key species in the 90-level model.

2.1.4 Important chemical species
Figure 2.11 shows the initial and final values of various key species in both the sulphur (SO MIF

version, final values after 9.0 Vd) and iron (final values after 3.0 Vd) models compared to
observations. A summary of observations is provided in Table 2.2. Acronyms used for instruments
are defined below the table. Observations are generally the best fit across an altitude range, rather

than a profile, though some profiles are included.

Table 2.2. Observations of key species plotted in Figures 2.11 and 2.16 — 2.25. The wavelength

region of observations is given with the instrument name if it is not already included therein.

Reference Species | Instrument Type Notes
Belyaev et al. VEx: SPICAV-UV UV: 85— 105 km, SOIR:
SO, Orbiter
(2012) and SPICAV-SOIR 65 — 80 km.
Canada-France-
de Bergh et al. - Ground- .
HDO Hawaii Telescope HDO/H;O0 ratio only.
(1991) based

(IR)
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HCl profiles from two orbits

H,O are plotted. H,O is a best fit
Bertaux et al. | HCI VEx: to several orbits. HF results
Orbiter )
(2007) HF SPICAV-SOIR are for one orbit. No
HDO uncertainties are reported
for HDO/H»O ratio.
Individual profiles from
Bertaux et al. Vega 1&2: ISAV Descent
SO, Vega-1 and -2 are plotted.
(1996) UV Spectrometer probe o
No uncertainties given.
H.O
Canada-France-
Bézard et al. SO; . Ground- o
Hawaii Telescope No uncertainties given.
(1993) HF based
(IR)
OCS
CO,
CO CO; mixing ratio assumed
Canada-France-
Bézard et al. H,O Ground- to be constant throughout
Hawaii Telescope
(1990) HCI (R) based the atmosphere. No
HF uncertainties given.
OCS
Bjoraker et al. | HF Kuiper Airborne Earth )
HDO/H,O ratio only.
(1992) HDO Observatory (IR) atmosphere
Observatoire de
Saint Michel:
CcO
Connes et al. HCl Michelson Ground- Data was later reanalysed
(1968) HF interferometer based by Young (1972).
infrared
spectroscopy
Cottini et al.
H,O VEx: VIRTIS-H Orbiter
(2012)
_ FIGS at
Crisp et al. _ Ground-
H,O Anglo-Australian
(1991) based
Telescope (IR)
Pioneer Venus
Donahue et al. Descent )
HDO Large Probe Gas HDO/H;O ratio only.
(1982) probe
Chromatograph
Drossart et al. _
H,O Galileo: NIMS Flyby

(1993)
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H,O0 inferred from HDO

absorption line

Encrenaz et H,O TEXES at NASA Ground- ) o
observations. SO, minimum
al. (2012) SO; IRTF based .
and maximum profiles
shown.
Fedorova et H,O VEXx: .
Orbiter
al. (2008) HDO SPICAV-SOIR
CO
Gel'man et al. N Venera-12 Gas Descent
2
(1979) Chromatograph probe
SO,
Pioneer Venus
Hartle and . . .
HDO Orbiter lon Mass Orbiter HDO/H,O ratio only.
Taylor (1983)
Spectrometer
Irwin et al.
CO VEx: VIRTIS-M Orbiter
(2008)
Uncertainties are plotted but
not visible beyond the width
Jessup et al. Space of the line. Shaded area
SO, HST/STIS o
(2015) telescope reflects the variation
between three observation
periods.
VIRA, a compilation of
) Compilation | observations from the
Keating etal. | CO;
- of descent Venera and Pioneer Venus
(1985) N2 o
probes probes. No uncertainties
given.
Krasnopolsky o CSHELL at NASA | Ground- Morning and afternoon
(2010a) IRTF based values plotted.
SO,
Krasnopolsky 0CS CSHELL at NASA | Ground-
(2010b) IRTF based
HDO
HoS
Krasnopolsky CSHELL at NASA | Ground- o
HCI HaS upper limit only
(2008) IRTF based
HF
Mahieux et al. | SO; VEXx: . _
Orbiter Best fit profile overview.
(2023a) OCS SPICAV-SOIR
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CO Only data from the
H,O equatorial region is plotted.
Mahieux et al. VEx:
HCI Orbiter H**Cl and H*’Cl measured
(2023b) SPICAV-SOIR .
HF separately, plotted value is
HDO their sum.
CO
Marcq et al. HO
VEx: VIRTIS-H Orbiter
(2008) SO,
OCS
Na et al. UV-sounding rocket Results of two observations,
SO, . Rocket )
(1994) observations taken in 1988 and 1991.
CO,
CO
Pioneer Venus
Oyama et al. N> Descent H,S and OCS are upper
Large Probe Gas o
(1980) H,O probe limits only.
Chromatograph
HoS
OCS
No SOz detected below a
base altitude (~86 km). The
Sandor et al. Ground-
SO, JCMT (sub-mm) SO, upper limit below
(2010) based
86 km is the instrumental
limit of detection.
CcO
Vandaele et al.
HCl VEx:SPICAV-SOIR | Orbiter
(2008)
HF
CO Reanalysis of data from
Young (1972)
HCI Connes et al. (1968)
VIRA, a compilation of in
Compilation )
von Zahn and | CO; situ probe observations.
- of descent
Moroz (1985) | N2 Reported uncertainties are
probes

less than the line width.

VEx: Venus Express; SPICAV: Spectroscopy for Investigation of Characteristics of the Atmosphere of
Venus; SPICAV-UV: SPICAV Ultraviolet channel; SPICAV-SOIR: SPICAV Solar Occultation in the
InfraRed channel; VIRTIS: Visible and InfraRed Thermal Imaging Spectrometer; VIRTIS-H: VIRTIS
High-resolution IR channel; FIGS: Fabry-Perot Interferometer Grating Spectrometer; NIMS: Near-Infrared
Mapping Spectrometer; TEXES: Texas Echelon-cross-Echelle Spectrograph (IR); IRTF: InfraRed
Telescope Facility; VIRTIS-M: VIRTIS Mapper channel in UV-IR; HST/STIS: Hubble Space Telescope
Imaging Spectrograph; VIRA: Venus International Reference Atmosphere; CSHELL: Cryogenic Echelle
Spectrograph (IR); JCMT: James Clerk Maxwell Telescope.
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Figure 2.11. Initial and final mixing vmr of key species compared to observations.

The model shows good agreement for CO, (Figure 2.11a), N> (Figure 2.11b), SO (Figure 2.11e),
and CO (Figure 2.11g). The decrease in CO, vmr above 120 km is moderately steeper in the model
than the observations, but this occurs above the altitude region of interest. Near the surface, the
N> observations reported by Gel'man et al. (1979) differ from those reported by Oyama et al.
(1980) and selected by the VIRA compilation (von Zahn & Moroz, 1985). The initial N»
concentration profiles are consistent with Gel'man et al. (1979), but the N, concentration increases
when the model is run, in line with the other observations (Keating et al., 1985; Oyama et al.,

1980; von Zahn & Moroz, 1985).

The model SO results are consistent with the upper limit of observations. The initial profiles are
very different between the model runs with and without the ionosphere. Both models retain a
minimum near 60 km, but both are significantly higher than their initial profiles above this

minimum.
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The CO model profiles show little change from their initial conditions. The concentration near
the surface is an order of magnitude too low, but increases to coincide with observations by the
bottom of the cloud deck. Observations show a rapid decrease to a minimum at the cloud top,
followed by an increase above, while the models produce a constant profile through the clouds,
followed by an increase above. Overall agreement of the shape is good, despite the failure to

capture the minimum in the clouds.

HCI (Figure 2.11f) and OCS (Figure 2.11h) both show model concentrations significantly lower
than observations above the clouds. HCI observations show lower values at the cloud tops, with
an increase with altitude up to 100 km (the maximum height of observations), while the model
results show a decreasing trend with altitude. OCS shows good agreement with the few existent
observations below the clouds, but the model profiles then decrease sharply by 8 orders of
magnitude near 60 km, compared to the two orders of magnitude decrease in observations.
Mahieux et al. (2023a) reported an increase in concentration with altitude above the clouds. A

similar shape in the modelled profile is produced, but it is far too low to approach observations.

H,O (Figure 2.11c) and SO» (Figure 2.11d) differ significantly from observations. The H,O profile
has good agreement with the observations below the clouds and follows the same general shape
as observations: a decrease to a minimum, followed by an increase, but it occurs 40 km higher in
the model than observed. In the model with no ionosphere, sulphur chemistry has been added and
the result appears to be an increase in the H,O. This is assumed to be due to a decrease in the
uptake of H,O into the clouds. The SO, profile does not reproduce the decrease seen in the
observations through the clouds: the decrease apparent in the ionosphere model profile (green)
through the clouds is due to the very low concentration in the initial profile (blue). The SO,
increases until a constant vmr is achieved, as can be seen in the non-ionosphere model result
(orange). As a result, the below cloud SO is deliberately set an order of magnitude lower than
observations to limit the total SO, in the model. The version of the model with the ionosphere
was significantly more computationally intensive, and so the iron model was run for only 3.0 Vd,
compared to 9.0 Vd without the ionosphere. The non-ionosphere model has therefore reached
steady state with respect to SO, while the ionosphere version has not. Sandor et al. (2010) and
Mahieux et al. (2023a) both reported increasing SO, with altitude above 90 km, which the model

does not reproduce.

2.1.2.5 Summary of the PCM
Overall, the PCM satisfactorily reproduces the general trends and chemistry of Venus, with some

limitations: the temperature is slightly higher than observed towards the cloud tops and lower than
observed at the cloud base, producing chemical and physical features higher or lower than
observed, respectively. This is most apparent with the cloud base (Figure 2.5), which is 5 km

lower than observed.
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The temperature and wind profiles both show a displacement of identifiable features — such as the
cold collar and super-rotational jets — poleward in both hemispheres by approximately 20°. This
appears to be a common feature of many Venusian models and suggests a missing driving force
in atmosphere. This will affect the latitudinal distribution of long-lived species in the atmosphere
most significantly as they will be transported further towards the poles than observations suggest

is realistic.

Several species related to the sulphur chemistry of Venus (SO,, OCS, H,O) show significant
deviation from observations. Sulphur chemistry in the Venusian atmosphere is a significant
unsolved problem in the field, with no explanation for the deep minimum in SO, in the clouds

readily apparent (Vandaele et al., 2017).

2.2 SOCRATES

2.2.1 Basic model
SOCRATES uses a two-stream approximation to resolve the upward and downward direct and

diffuse fluxes and heating rates through the atmosphere (Edwards & Slingo, 1996). Before the
two-stream equations can be formed and solved, the gas absorption coefficients are determined,
and a spectral file produced. The correlated-k method (Goody et al., 1989) is used to treat the
absorption. An overview of the model is provided in this section and specifics of the modified

model to run for Venus are described in Section 2.2.2.

The spectral file specifies the spectral region being modelled and divides it up into bands. It lists
the major and minor gaseous absorbers in each spectral band and whether overlapping absorption
should be treated with full random overlap of spectral lines or a simplified model, in which the
absorption from all minor gases is represented by a single “equivalent absorption” which then
randomly overlaps the major absorbing gas within each band (Manners et al., 2022a). The
Rayleigh scattering coefficients and continuum absorption coefficients in each band, and the
parametrisation of the aerosol and cloud (water droplets and ice crystals) properties are also
specified. As SOCRATES is primarily used integrated with a 3D global climate model (GCM),
the spectral file is pre-generated for the intended use and optimised for the approximate
composition of the atmosphere. The SOCRATES code is then run with the actual gas, temperature,
and aerosol profiles, (which would normally be provided directly from the coupled GCM at each
grid cell and time step of the model) to calculate the fluxes. The workflow for making the spectral
file and running the model are outlined below. Steps 1, 2, 3, 4, and 6 are explained in more detail

in Sections 2.2.1.1 — 6.
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1. The skeleton file is made, in which the spectral bands are defined, and the lists of gases,
continua, and aerosols that will be included in the model are provided.

2. Gas absorption coefficients (“correlated-k terms”) are calculated. The gas absorption
cross-sections at given reference temperatures and pressures can be calculated directly
from absorption line database files (a computationally intensive step) or provided as
cross-section files (particularly in the UV or for continuum absorption). These are
parametrised into correlated-k terms for each band in the skeleton file given a solar
spectrum and nominal gas column abundance to use for weighting.

3. The monochromatic aerosol data is generated (or must be provided) at a given range of
wavelengths. The complex refractive index across the wavelength range and aerosol size
distribution must be provided. The average aerosol profiles in each band are then
calculated from the monochromatic profiles, skeleton file and solar spectrum.

4. The gas and continuum k files, a list of gases for which Rayleigh scattering should be
considered, and the average aerosol properties are combined with the skeleton file to
produce a spectral file. The file contains all of the species that contribute to each band
and their k coefficients in each band. The spectral file is “tidied” — very weakly absorbing
gases are removed from bands — to optimise the running of the model, and the final
spectral file is produced.

5. The pressure and temperature at the levels and layers of the model and the gas and aerosol
mass mixing ratio (mmr) files are produced. This can be done manually or by providing
a single file containing the pressure, temperature, and mixing ratios to the programme
raw_input, which will process them automatically. The solar zenith angle, surface
reflectance, and solar irradiance must also be provided and are stored as netcdf files.

6. Finally, the SOCRATES two-stream solver is run, using the mmr files and the spectral

file to calculate the radiative fluxes.

2.2.1.1 The skeleton file
The skeleton for the spectral file specifies the number and wavelength (or wavenumber) limits of

the spectral bands, the number of aerosol species, absorbing gases, and continua, and the ID
numbers of each species. This skeleton is then used to define the band limits in future steps of the
preprocessing and forms the template for the final spectral file when the data for the gases,

continua, and aerosols are added.

2.2.1.2 Gas pre-preprocessing
Gas absorption data are generally available as either absorption line, collision induced absorption,

or absorption cross-section data. Most absorption data is from HITRAN2020 (Gordon et al.,
2022), but it can be provided from other sources provided it uses HITRAN file formats.
Absorption cross-sections for the S;0 isomers studied in Chapter 3 were calculated using ab
initio quantum theory (Section 3.3.3) as these are not available in HITRAN. The data is scaled to

the temperature and pressure of the atmosphere. This can be done by either providing a reference
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temperature and pressure and specifying the scaling (e.g., quadratic temperature scaling and

exponential pressure scaling) or by providing a pressure-temperature lookup table.

The absorption data is processed into correlated k coefficients which are added into the spectral
file as gas absorption coefficients and continuum absorption coefficients for the spectral bands.
This processing is generally done by the program Ccorr k, an overview of which is available in

Manners et al. (2022b).

2.2.1.3 Aerosol treatment
The scattering properties of an aerosol distribution are calculated from the refractive indices of

the material and the size distribution of the aerosol, assuming spherical particles. This can be done
by two preprocessing programs included with SOCRATES, or the scattering and absorption of

the aerosol population can be supplied directly.

If a full calculation is performed, the program Cscatter is used. The total number density of the
aerosol and either a log-normal or modified gamma distribution is specified for the particle sizes.
The parameters of each mode (for instance, a weight, geometric mean radius and geometric

standard deviation for a log-normal distribution) are defined independently.

Alternatively, the particle number density in a range of size bins can be specified in an input file.
The real and imaginary refractive index of the aerosol at specified wavelengths that span the
spectrum must be provided. The program can then perform a Mie theory calculation (or
anomalous diffraction theory for a modified gamma distribution) to calculate the monochromatic
single scattering properties (absorption, scattering, and the first » moments of the phase function,

where n can be specified) at specified wavelengths.

The output of Cscatter (or predetermined scattering properties of the aerosol) can then be
averaged to calculate the scattering, absorption, and asymmetry (the first moment of the phase
function) of the aerosol across each of the spectral bands by the program Cscatter average. These
band-averaged scattering properties are included in the spectral file. An overview of Cscatter and

Cscatter_average is available in Manners et al. (2022b).

2.2.1.4 The spectral file
The spectral file is set up following the outline in the skeleton file. The gases for which Rayleigh

scattering will be considered are added to the file. Then, for each gas and continuum, absorption
data is added to each of the bands that the gas or continuum absorbs in. The average aerosol

scattering files are also added to the spectral file.

The spectral file is then tidied: the overlap treatment (full random treatment or equivalent
extinction method as described above) for the generalised continua is set; gases and continua are
removed from bands where their absorption is weak (defined to be a transmission greater than a

given value); and the major gas in each band is set.
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2.2.1.5 Radiation code
SOCRATES is called using C/ run_cdf, with various options for the cloud treatment, aerosol

treatment, and continua provided. The different computational options available in SOCRATES
are described in detail in Manners et al. (2022a, 2022b). As it was developed for use with a full
GCM, SOCRATES has no time evolution or spatial grid. The conditions, including solar zenith
angle (local time) and the instantaneous atmospheric profiles of temperature and gas or aerosol
mmrs are provided (either by the GCM when run as part of the full model, or by the user for

purely radiative transfer runs, as in this case) and the instantaneous fluxes are generated.

SOCRATES uses a two-stream approximation to calculate the direct and diffuse radiative fluxes
and therefore heating rates in the atmosphere (Edwards & Slingo, 1996). A full explanation of the

calculations is provided in Manners et al. (2022a), but a summary is provided here.

The atmosphere is split into N homogeneous layers, numbered from 1 (at the TOA) to N (the layer
just above the surface). Each layer is referred to by its central pressure. The boundaries of the

layers are called the levels, numbered from 0 (TOA) to N (surface), as illustrated in Figure 2.12.
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Figure 2.12. Diagram of the levels and layers in SOCRATES. Adapted from Manners et al.
(2022a).

The region of the spectrum being modelled is divided into spectral bands. Within a band, all
properties except the gaseous mass absorption coefficient are taken to be independent of

wavelength. Each band is split into “quasi-monochromatic regions”, where a single k-term applies

for each of the gases. A quasi-monochromatic flux is calculated for each region. The flux F]'.(b) in

the band j is given by the weighted sum of the i quasi-monochromatic fluxes ﬁ(qm) in the band:
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(b) _ (gm)
F® = ) ™ 2.5)
i
and the total flux is the sum of the fluxes in each band:
_ (b)
F —-:E:’} (2.6)
Jj

The weighting of the quasi-monochromatic fluxes is determined by the k-term weights in the
spectral file representing the fraction of the band over which a given absorption coefficient
applies. Each quasi-monochromatic flux (henceforth “flux” for simplicity) is calculated using the

two-stream approximation.

In the two-stream approximation, the fluxes at each level are related to the fluxes at the levels
above and below and the optical properties of the layers. The absorption and scattering
coefficients of each species are used to calculate the optical properties (optical depth, single
scattering albedo, and asymmetry) of each layer. The method of calculating the k-terms and
optical properties for absorbing gases, continua, Rayleigh scattering, aerosols, and clouds are

detailed in Manners et al. (2022a).

The flux is considered in three components: the upward flux, U, the total downward flux, ¥, and
the direct solar flux, Z. J can be written as the sum of the diffuse downward flux, D, and the direct
solar flux Z. In each layer, the flux is transmitted, scattered, and reflected. The net (downward)

flux is given by V—U.

At a particular level i, some of the direct flux will be transmitted, and some will be scattered. The
direct flux Z;, is given by

Zi =ToiZi—1 (2.7)
where Ty; is the direct transmission coefficient in layer i. Some of the direct flux is scattered into
diffuse flux in either the upward (+) or downward (-) directions. These fluxes are given by

S = c1iZio (2.8)

Si = CiZiq (2.9)
where c¢q; and c,; are coefficients that depend on the optical properties of the layer and the choice

of two stream approximation parametrisation. The different choices are detailed in Manners et al.

(2022a).

The upward and downward fluxes at each level are therefore given by the sum of the transmitted
and reflected fluxes from adjacent layers and any of the direct beam that is scattered into the
diffuse beam in those layers:
Ui_1=TU;+RVi_1 + S} (2.10)
Vi=TVi.1 + RyU; + S; (2.11)
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where T; and R; are the diffuse transmission and reflection in layer i, which also depend on the
optical properties of the layer and the choice of the two-stream approximation parametrisation.

The contributions to each flux are shown in Figure 2.13.

Ui-l = TiUi + RiVi—l + Si+

= TiUi + RiDi—'l + Sli+ Vi_l Laver i-1

Level i-1 “~ “~

~
> ~
Layer i
”’
”’

Level i - # —
. s’ U;
D;=RU; +TDy; + S5 « - \ l Layer i+1
| |
V'l = RiUi + TjVj_]_ + Si-

Figure 2.13. The contributions of each of the fluxes to the upward and downward flux at each
level. For clarity, fluxes are shown on an angle to allow for separation of incident and reflected

fluxes. The fluxes are calculated on levels while T;, Ty;, and R; are properties of the layer.

The downward flux is explicitly divided into D and Zin the figure. S’} and S';, the scattered
direct fluxes are different functions of Z;_; than S;* and S;, arising from the conversion between

the total downward flux, V, and diffuse downward flux, D:

Uiy = T;U;+ RiD;_, + S'
=TU;+RViy —Zi_) + S (2.12)
=TU;+RVi_1 —RZi_1 + S
and
D; =T;D;_y + RU; +S'; (2.13)
Vi=Zi+Ti(Vieg —Zi)) + RiU + 577

(2.14)
=ToiZi1 +T;Viiq —T;Zi_4 + RiU; + S’}
so by comparison of Equations 2.12 with 2.10 and Equations 2.14 with 2.11,
ST=S"+RiZi (2.15)
and
ST =87+ (T = To)Zi—q (2.16)

This conversion from S’} and S'; to S;" and S accounts for different optical properties of the
layers with regard to diffuse and direct fluxes. The equations can therefore be simply expressed

in terms of the total upward and downward fluxes.
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Boundary conditions are defined at the surface and TOA. At the TOA, there is no incident diffuse

flux, so
VO = ZO = (1)0 COSGZ (217)

where @, is the solar irradiance in the spectral band and 8, is the solar zenith angle. At the surface,

the only upward flux is that reflected from the surface, calculated by

Uy = a5 X direct downward flux + a4 X dif fuse downward flux
Uy =asZy+ag(Vy — Zy) (2.18)
where a is the surface albedo for direct radiation and a, is the surface albedo for diffuse
radiation. As Vy is the total (diffuse + direct) downward radiation at the surface, taking the

difference of Vy and Z leaves only the diffuse component.

A set of linear simultaneous equations is formed and solved (Edwards & Slingo, 1996).
SOCRATES includes eight different solvers which can be selected when the model is run. Each
is optimised and recommended for different atmospheric configurations, in particular for the
choice of cloud treatment. A list of solvers is available in Manners et al. (2022b) and the method

is outlined in Manners et al. (2022a).

2.2.2 SOCRATES-Venus

2.2.2.1 The spectral bands
SOCRATES-Venus has 280 spectral bands of varying widths, summarised in Table 2.3. As the

motivation for the development of this model is to investigate the UV absorption, the visible and
near-UV region of the spectrum is covered at 5 nm resolution. The resolution of the bands
decreases as wavelength increases, up to 500 nm resolution in the final bands in the infrared (IR).
The IR bands are included for completeness should further model development be undertaken,

and will only be considered briefly.

Table 2.3. Wavelength limits and widths of the 280 SOCRATES-Venus spectral bands

Band numbers Lower bound / pm | Upper bound / pm Band width / pm
0-104 0.175 0.700 0.005
105 — 154 0.70 1.20 0.01
155-214 1.20 2.40 0.02
215-232 2.40 3.30 0.05
233 -249 33 5.0 0.1
250 -279 5.0 20.0 0.5

2.2.2.2 Altitude bins and temperature
For simplicity, the central pressures of the layers in SOCRATES-Venus are set as the 78 pressure

levels of the PCM (non-ionosphere version), as this is the primary source of gas mixing ratios for

the model. Gas and aerosol mixing ratios are provided for each layer. Temperatures are set for
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each level and layer, and a range of temperatures either side of the average temperature are also
provided for each layer to account for the variation in temperature that could occur. These

pressures and temperatures are used to scale the gas absorption lines.

The PCM temperatures are model-time and longitudinal averages at a given latitude across 6
timesteps (~60 Earth days) of an out-of-the-box run of the PCM (Figure 2.14a). For each latitude,
the longitude-averaged temperature profile from PCM Venus at each timestep is taken and the
average calculated (Figure 2.14b). There is minimal difference (~1 K) seen between longitude-
averaged profiles at a given latitude. The average, minimum and maximum of the profiles are
calculated (Figure 2.14c). The maximum divergence of a temperature profile from the average
was found to be 23.2 K, so the temperature profiles used for SOCRATES-Venus were the average
+0, 17, 34, and 50 K to ensure the instantaneous profile is never outside the range of temperatures

the lines can be scaled to.
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PCM longitude-averaged profiles at 0° latitude
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Figure 2.14. a) An example of the longitude-averaged temperature profiles at a given latitude
(0°) and their average. The variation between timesteps is less than the width of the lines.
b) Some example average temperature profiles at different latitudes. c) The average, minimum,
and maximum temperature for all latitudes and range of temperatures provided in the

SOCRATES lookup table to account for all possible conditions.
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2.2.2.3 Location and local time
The solar zenith angle and surface reflectivity are set for each SOCRATES run. The tables are

optimised for a full array of latitudes and local times. However, for comparison to the MASCS
spectrum 151 (Pérez-Hoyos et al., 2018), the PCM data is from the equatorial region near local
noon and all SOCRATES plots use a zenith angle of 52°. A surface albedo of 0.1 (Ekonomov et
al., 1980) was used for both diffuse and direct fluxes.

2.2.2.4 Aerosol vs. cloud treatment
SOCRATES has a complex cloud treatment. It models clouds made of liquid water and ice crystals

and can do so separately — ice clouds and water clouds — or homogeneously mixed together — ice
and water clouds — within each atmospheric layer. It can also model stratiform and convective
clouds (for either separate ice and water clouds, or mixed clouds) separately or together. There is
then a parametrisation for the fraction of cloud cover in each layer and the treatment of

overlapping clouds in different layers.

While ice clouds have been theorised to form on Venus above 100 km, they are predicted to be
short-lived phenomena and have not yet been observed (Murray et al., 2023), so no ice clouds are
included in SOCRATES-Venus. In addition, the Venusian cloud cover is consistent and total. The
SOCRATES cloud treatment, while ideal for Earth-like planets with discrete and changeable
cloud structures, is not applicable for Venus, which has persistent cloud cover across the whole
planet (Titov et al., 2018). Therefore, rather than adapt the complex cloud treatment to include

sulphuric acid cloud droplets, SOCRATES-Venus uses the aerosol treatment for Venus’s clouds.

Aerosols in SOCRATES use the same scattering treatment as the clouds do, but their size
distribution cannot vary over time and aerosols are taken to cover a full model gridbox, while
clouds can cover only a fraction of a gridbox. As SOCRATES is used without spatial or temporal
variation (one gridbox and one time instance) in this case, and the Venusian cloud cover is total,
the aerosol scheme is sufficient to model the needed behaviour. It is a much simpler job to adapt
existing aerosol species in SOCRATES to become the different cloud modes of Venus than to
adapt the cloud scheme. In addition, while the modes on Venus are typically called clouds for
their obvious visual similarity to terrestrial stratus clouds, in terms of number density and modal
droplet size, the larger modes of the Venusian clouds are much less dense than terrestrial clouds,
with somewhat smaller droplet sizes, aligning much more with terrestrial aerosol or haze
definitions. For example, a terrestrial cloud might be expected to consist of droplets of 5 — 50 pm
and a number density of a few hundred per cubic centimetre (e.g., Miles et al., 2000), whereas
mode 2, the main component of the sulphuric acid clouds, has a modal diameter of just 2 um, with
little spread above or below this size, and a number density of just 50 cm™ (Titov et al., 2018).
These densities are much more consistent with those of terrestrial stratospheric aerosol (e.g.,
Zalach et al., 2020). Given the similarity between terrestrial aerosol distributions and Venusian

clouds, the use of the aerosol rather than cloud treatment is not expected to present issues.
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2.2.2.5 Gases
SOCRATES-Venus models 10 gases (13 when S,0; is included, see Chapter 3). Venusian isotope

ratios are (with the exception of the D:H ratio) generally poorly studied, but the few measurements
that exist indicate comparable values to terrestrial ratios for most species (Hoffman et al., 1979).
Isotope ratios of gases are therefore assumed to be equal to terrestrial values, with the exception
of HDO, which is treated separately to all other isotopologues of H>O. Any errors introduced by
this assumptions are expected to be much smaller than the uncertainties in the concentrations of
the gases themselves. With the exception of N», which is included for Rayleigh scattering alone,
these gases have non-zero expected absorption on Venus in the spectral region being considered.
Altitude mixing ratio profiles are taken from PCM model runs where available, and Eymet et al.
(2009) otherwise. SOCRATES uses mass mixing ratios for gas and aerosol concentrations, while
the PCM uses molar (volume) mixing ratios. All gases included in the PCM, as well as condensed
sulphuric acid and water, and SOCRATES-Venus species not included in the PCM (H,S and HF)?

were included in the conversion from molar to mass mixing ratio.

For each pressure layer j in the model, and species 7, the mass mixing ratio C;/*** is given b
p yer p g 745 is given by
mol
cness = (:U—lle 2.19)
§ Ek CIZIJO X Mk

where C{_’}Ol is the molar mixing ratio of species i in pressure layer j, and M; is the molar mass (in

g mole™) of species i.

The column mass of each species i is then calculated by
Apj x C[**° (2.20)

Column mass; = z
g

J
where Ap; is the change in pressure across layer j, and g is the acceleration due to gravity

(8.87 m s%), which is assumed to be constant throughout the atmosphere.

Gases are neglected from spectral bands they would otherwise contribute to where their

transmission is greater than 0.999990. The modelling process is shown in Figure 2.15.

3 Full list of species used for the calculation:

CO,, H20 (g), SO,, CO, OCS, HClI, cis-0SSO, trans-0SSO, cyclic-S,0,, H,S, HF, HDO, ClI, Cl,, CICO,
CICO;3 CIO, CISO,, H, Hz, H202, H,SO;4 (g), He, HO2, HOCI, HSOs, N2, O, O(*D), O2, O2(atAg), Os, OH,
CISO, S, Sy, SO, SOs;, H,0 (1), and H2SO4 (1).
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Figure 2.15. a) Spectral line intensities and UV cross-sections from HITRAN, and calculated
for cis-OSSO, trans-OSSO, and cyclic-S,0, b) k coefficients per band for the gases in the
spectral file generated by SOCRATES, ¢) modelled flux absorbed by each individual gas in the

model. Note: FeCls is not included in this model run.

The gas absorption lines and cross-sections available from HITRAN (or predicted, if spectra are
not available in HITRAN) are presented in Figure 2.15a. The gas absorption coefficients (k) for
each gas are binned into spectral bands (Figure 2.15b), then any weakly absorbing species are
removed from bands. Finally, the model is run and the contribution of each species to the final
absorption is shown in Figure 2.15c. The black line in Figure 2.15¢ shows the total solar flux
incident on the atmosphere, while the grey line is the TOA reflected flux for the full atmosphere.
The “tidying” of the spectral file uses the estimated column densities of each gas, provided before
the model runs, to predict which gases will be dominant in each band. The column densities of

minor gases such as HF, cis-OSSO, trans-OSSO, and cyclic-S,0, are deliberately over-estimated
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in this step to prevent their removal from bands and the tidying therefore produces no change to

the spectra shown in Figure 2.15b at the current scale.

The PCM vmr profile, observations, and SOCRATES-Venus modelled absorption for each gas
(excluding S»0,) are shown in Figures 2.16 — 2.25. The impacts of the three S;0O, isomers are
discussed in Section 3.7. Details of the observations are listed in Table 2.2 in Section 2.1.4. The
PCM mixing ratio is plotted as a volume mixing ratio (despite SOCRATES using mass mixing
ratio) to make comparison with literature easier, as most observations are provided as volume
mixing ratios. Observations are generally shown as profiles or points, uncertainties (where
reported) are shaded areas or horizontal lines. Exceptions will be explained in the specific
sections. Many of the CO, and N, observations were taken during the Pioneer Venus and Venera
missions. The results were compiled into the Venus International Reference Atmosphere (VIRA)
(von Zahn & Moroz, 1985) and the later update VIRA-2 (Keating et al., 1985), which are plotted

instead, along with two examples of measurements from the missions.

For each gas, its individual impact on the atmospheric model is calculated by running the model
with the full atmosphere, and then with all components except the one under consideration. The
difference of the two spectra can then be taken to assess the impact of the species (Figures
2.16b —2.24b and 2.25c). A positive value for the difference indicates absorption by the gas in
question, while a negative difference indicates scattering. As the gas contributions are plotted on
a log scale, negative values cannot be shown. For scattering components of gas contributions, the

difference is multiplied by -1 and differences are plotted as positive values in yellow.
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CO:

The CO, vmr profile is taken from the PCM output. CO; is the most abundant gas in most of the
atmosphere, dropping slightly below CO above ~150 km where photolysis of CO; to CO and O
occurs. Absorption line data with self-broadening and continuum absorption comes from
HITRAN2020 (Gordon et al., 2022). Rayleigh scattering is calculated for CO,. The vmr profile,
observations, and contribution to the total flux are shown in Figure 2.16. Below ~1 um in
wavelength, CO, Rayleigh scattering has a net reflective impact on the spectrum (Figure 2.16b,
yellow) while the gas absorption lines (Figure 2.16a, blue) become apparent at longer
wavelengths. CO,-CO; continuum lines also contribute but are much smaller in magnitude than

the CO; lines.
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Figure 2.16. a) Modelled vmr profile of CO, and observations, b) the absorbed and

scattered flux due to CO, compared to total absorbed flux and TOA incident solar and outgoing

fluxes.
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co

The CO vmr profile is taken from the PCM output. Absorption line data with CO, broadening is
taken from HITRAN2020 (Gordon et al., 2022). The vmr profile, observations, and contribution
to the total flux are shown in Figure 2.17. Plotted observations from Vandaele et al. (2008) show
three individual profiles (lines) and the combined area of their uncertainties (shaded area). As
discussed in Section 2.1.4, the model profile follows the same trends as observations, but profiles
measured by Bézard et al. (1990) and Vandaele et al. (2008) show a sharp minimum above the
clouds (80 — 90 km) that is not reproduced by the PCM profile.
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Figure 2.17. a) Modelled vmr profile of CO and observations, b) the absorbed flux due to CO

compared to total absorbed flux and TOA incident solar and outgoing fluxes.
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N
The N, vmr profile is taken from the PCM output. The profile, observations, and contribution to
the total flux are shown in Figure 2.18. No N> absorption lines are included in the model, so its

contribution is purely due to Rayleigh scattering.
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Figure 2.18. a) Modelled vmr profile of N, and observations, b) the scattered flux due to N»

compared to total absorbed flux and TOA incident solar and outgoing fluxes.
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H.0

The H,O gas vmr profile is taken from the PCM output. Absorption line data with air broadening
and self-broadened continuum absorption is taken from HITRAN2020 (Gordon et al., 2022). CO,
broadening data for H,O was not available in HITRAN at the time the model was produced.
CO»-broadened H»O absorption could be included in future modelling, but is not anticipated to
make a significant difference to the resulting spectrum. The PCM contains a full microphysical
cloud model, and H»O and H,SOs4 condense to form the clouds (Section 2.1.2.2). The model
currently matches the cloud mass loading fairly well (Figure 2.5), at the expense of the H,O and
SO, (Figures 2.19 and 2.20) vmrs. Both H>O absorption and H>O-H>O continuum absorption are
included in the contribution of H,O to the total flux. The modelled profile agrees well with
observations below the clouds, but overestimates the vmr through the cloud and haze layers
(~60 — 100 km) by at least an order of magnitude. The increase above the cloud and haze deck
observed by Mahieux et al. (2023b) and the minimum at near 85 km observed by Bertaux et al.
(2007) occur approximately 40 km higher in the PCM model than in the observations.
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Figure 2.19. a) Modelled vmr profile of H>O and observations, b) the absorbed flux due to H,O

compared to total absorbed flux and TOA incident solar and outgoing fluxes.
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SO,
The SO, profile is taken from the PCM output. Absorption line data with CO, broadening and UV
cross-section data is taken from HITRAN2020 (Gordon et al., 2022). The profile, observations,

and contribution to the total flux are shown in Figure 2.20.

The SO, profile produced by the PCM over estimates SO, absorption as the PCM concentration
above the clouds is two orders of magnitude higher than observations. A large decrease in SO-
concentration through the cloud deck is seen in all observations from below-cloud concentrations
of ~150 ppm (1.5 x 10™*) to 10 — 100 ppb (1 x 10®* — 1 x 107") above the clouds. The PCM does
not reproduce this decrease, and the atmosphere fills with SO, if the model is allowed to run to
steady state. The model is therefore initialised with a below-cloud concentration an order of
magnitude lower than observations to limit the above cloud concentration. In addition, Sandor et
al. (2010) and Mabhieux et al. (2023a) both observed an increase in vmr somewhere above 85 km,
but no corresponding increase is produced by the Venus PCM. It is evident that significant sulphur
chemistry is still missing from our understanding of the Venusian atmosphere (Vandaele et al.,
2017). SO, is the dominant known absorber in the UV, but it cannot match the shape or width of
the NUYV absorption (Zasova et al., 1981).
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H2S

The H»S profile is taken from Eymet et al. (2009) as it is not modelled in the PCM. Absorption
line data with air broadening (CO- broadening was not available) is taken from HITRAN2020
(Gordon et al., 2022). The assumed vmr profile, observations, and contribution to the total flux
are shown in Figure 2.21. Very few attempted H,S observations have been reported, and all have
only returned an upper limit for the H>S concentration. The impact of H»S on the modelled
spectrum is small and has no effect on the visible and ultraviolet region of the spectrum that is of
most interest to this study, so the uncertainty in the concentration (or indeed presence) of H,S

should not impact the results.
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HCI

The HCl profile is taken from the PCM output. Absorption line data with CO; broadening is taken
from HITRAN2020 (Gordon et al., 2022). The SOCRATES-Venus vmr profile, observations, and
contribution to the total flux are shown in Figure 2.22. The model is broadly consistent with
observations below and through the clouds, though the observations differ by an order of
magnitude near 100 km. Above the clouds, the observations show the profile is either
approximately constant (Bertaux et al., 2007; Vandaele et al., 2008) or increasing (Mahieux et al.,

2023b), while the PCM predicts a rapid decrease above 100 km.
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Figure 2.22. a) Modelled vmr profile of HCI and observations, b) the absorbed flux due to HCI

compared to total absorbed flux and TOA incident solar and outgoing fluxes.
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HF

The HF profile is taken from Eymet et al. (2009). Absorption line data with CO, broadening is
taken from HITRAN2020 (Gordon et al., 2022). The vmr profile, observations, and contribution
to the net flux are shown in Figure 2.23. The impact of HF on the spectrum is small due in large
part to its low atmospheric concentration. However, an increase from ~1 ppb to ~10 ppb, to bring
the profile in line with observations, is still unlikely to cause a significant impact on the spectrum.

As the HF absorption occurs in the IR, it will not impact the UV absorption under consideration.
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Figure 2.23. a) Assumed vmr profile of HF from Eymet et al. (2009) and observations, b) the
absorbed flux due to HF compared to total absorbed flux and TOA incident solar and outgoing

fluxes.
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(0]6)

The OCS profile is taken from the PCM Venus output. Absorption line data with CO, broadening
is taken from HITRAN2020 (Gordon et al., 2022). The vmr profile, observations, and contribution
to the net flux are shown in Figure 2.24. The rapid decrease in OCS vmr at 60 — 80 km in the
PCM and observations occurs at the same height as the decrease in observed SO, (Figure 2.20,
though it is more apparent before the model reaches steady state, see Chapter 3), indicating
missing sulphur chemistry. While a decrease of ~3 orders of magnitude is seen in the OCS
observations in this region, the 8 orders of magnitude decrease modelled is clearly far too large.
This decrease through the cloud layer leads to very low concentrations of OCS above the cloud
layer, where they could have the most impact on the observed spectrum. The low predicted
absorbed flux is likely due to this abnormally low OCS concentration above the clouds. However,

as the absorption takes place in the IR, it should not affect the UV absorption under consideration.
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Figure 2.24. a) Modelled vmr profile of OCS and observations, b) the absorbed flux due to
OCS compared to total absorbed flux and TOA incident solar and outgoing fluxes. Observations

from Oyama et al. (1980) are an upper limit, not detections.
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HDO

Many HDO measurements report only the Venusian H,O/HDO (or D/H) ratio, not the HDO
concentration directly. The ratio of HDO to H»O reported in Eymet et al. (2009) is used with the
PCM H»O0 profile to construct the SOCRATES HDO profile. The HDO profile will therefore share
the limitations of the H,O profile (Figure 2.19) as well as any from disagreement between the
modelled and observed HDO. The effects of this can be seen in Figure 2.25a, where observations
show a minimum near 80 km, while the modelled profile based on the H,O PCM profile locates
the minimum near 130 km. Figure 2.25b shows the HDO/H,O ratio compared to observations.

For clarity, these ratios are shown on a linear axis.

Absorption line data with air broadening is taken from HITRAN2020 (Gordon et al., 2022). The
contribution of HDO absorption to the net flux is shown in Figure 2.25c. HDO has the smallest

impact of any of the standard 10 modelled species.
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Figure 2.25. a) Predicted HDO vmr, calculated by modelled H>O vmr profile scaled by a factor
0f 0.0144 (Eymet et al., 2009) and observations, b) H;O/HDO ratio compared to observations,
c) the absorbed flux due to HDO compared to total absorbed flux and TOA incident solar and

outgoing fluxes.

Absence of SO

Despite its absorption in the 190 — 235 nm region, SO is not included in the model. As the model
is being compared to observations with a lower limit of ~300 nm (Pérez-Hoyos et al., 2018), SO
would not absorb in the wavelength range under comparison, and so would have no impact of the
results. In future, if other observations are being used for comparison, SO should be included in

the model.
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2.2.2.6 Other gas properties

Rayleigh scattering

Rayleigh scattering is included for CO, and N>, the two most abundant gases (Figure 2.26).
Comparison with the individual gas contributions for CO, (Figure 2.16) and N, (Figure 2.18)
shows that the majority of the scattering due to CO, (peak value of ~ 40 W m? sr’' um™), with
only a small N contribution (~ 0.2 W m™ st um™), as expected from the low abundance of N
compared to CO,.
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Figure 2.26. The total impact of N> and CO» Rayleigh scattering on the TOA spectrum.

Continuum absorption

Two sources of continuum absorption are included: CO,-CO; collision induced broadening data
and standard H,O-H>O continuum data from HITRAN2020 (Gordon et al., 2022). The continuum
is taken to be perfectly correlated with H>O, while the CO, continuum uses the overlapping
gaseous absorption treatment. The contribution of continuum absorption to the absorbed flux is
shown in Figure 2.27. CO, continuum absorption is very weak compared to H,O continuum
absorption, and the low H»>O concentrations limit the strength of the H,O contribution, resulting
in low continuum absorption contributions.
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2.2.2.7 Aerosol treatment
Cloud modes and locations

Five cloud modes are currently set up for use in SOCRATES-Venus, though only four are
currently in use, and any number can be added comparatively easily. The main four are different
modes of the clouds — modes 1, 2, 2°, and 3 — each of which are initially assumed to have the
optical properties of aqueous sulphuric acid. The refractive index for each mode can be modified

to include different concentrations of FeCls in the different modes (Section 5.3.2.2).

The fifth mode can be used to model an absorbing aerosol species separate to the sulphuric acid
clouds, for example replacing some of mode 1 to account for the findings of the Vega descenders
reported by Gnedykh et al. (1987) as reported by Titov et al. (2018): around 20% of mode 1 was
found to have a refractive index significantly too high to be sulphuric acid. This could be
interpreted as mode 1 being a combination of CCN and droplets that have grown on some of the
nuclei as proposed by Knollenberg and Hunten (1980). However, without reliable refractive index

data for pure FeCls or other CCN candidates to model this case, this mode is not generally used.

The vmr of liquid phase water and sulphuric acid is taken from the PCM output. Venusian
measurements provide estimates of the number density of the different modes through the
atmosphere (e.g., Kawabata et al., 1980; Knollenberg & Hunten, 1980; Luginin et al., 2016; Satoh
et al., 2015). Stolzenbach (2016) calculated the mass loading of each mode as a fraction of the
total required to reproduce the number densities reported by Knollenberg and Hunten (1980). The
size modes and calculated weightings used by Stolzenbach and SOCRATES-Venus are listed in
Table 2.4. Stolzenbach’s mass loading fractions are used to calculate the vmr of cloud particles in
each of the four cloud modes (Figure 2.28). SOCRATES does not have the utility to alter the size
distribution of an aerosol mode with height, so the sizes and number densities are an average over
the cloud system to give the best fit overall. Mode 2 and 2’ are sometimes considered to be one
mode which grows in average size as it descends through the cloud layer (Titov et al., 2018).
SOCRATES-Venus models the two as separate cloud modes to be able to account for the different

average sizes.



Table 2.4. Mass weighting of the cloud modes. 7 is the geometric mean radius of the log-normal distribution, o, the geometric standard deviation and ks the
fraction of the total cloud in that region that is in that mode. Heights refer to the centres of the layers. Layers are approximately 2 km thick, clouds do not have gaps

between the layers.

Values from Stolzenbach (2016) Values used in SOCRATES-Venus
Height / km | Modes | ¥/ pm Oy Kimass Height / km | Modes | r / pm oy Kmass
Upper haze 72 — 100 1 0.2 2.16 1.0 Upper haze 72 - 156 1 0.3 1.56 1.0
1 0.2 2.16 0.72 1 0.3 1.56 0.72
Upper cloud 60 —70 Upper cloud 59-170
2 1.0 1.29 0.28 2 1.0 1.29 0.28
1 0.15 1.9 0.0084 1 0.3 1.56 0.0084
Middle Middle
50-58 2 1.4 1.23 0.21 50-57 2’ 1.4 1.23 0.21
cloud cloud
3 3.65 1.28 0.7816 3 3.65 1.28 0.7816 .
5
1 0.2 1.8 0.014 1 0.3 1.56 0.014
Lower cloud 48 2 1.0 1.29 0.02 Lower cloud 48 2 1.0 1.29 0.02
3 3.65 1.28 0.966 3 3.65 1.28 0.966
1 0.15 1.8 0.04 1 0.3 1.56 0.04
Pre-cloud 46 Pre-cloud 45
2 1.0 1.29 0.96 2 1.0 1.29 0.96
Lower haze 3044 1 0.1 1.57 1.0 Lower haze 0-—42 1 0.3 1.56 1.0
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Figure 2.28. Volume mixing ratios of the four cloud modes with altitude. Mixing ratio here

refers to the total mole fraction of liquid H,SO4 and H>O.

One limitation of pressure-based vertical layers is that the height of each layers varies through the
atmosphere. One of the places where this becomes most unfavourable is in the lower cloud and
precloud layers, each of which is one layer thick. The precloud layer is, by chance, closer to 3 km
thick than the average of ~2 km for the whole model, which may slightly overestimate the mode
2 and 3 cloud particle concentrations. Fortunately, as the lower clouds and below have only a
minor impact on the observed spectrum, the effect of this overestimation is minor. The thin
vertical extent of the lower cloud and precloud layers and the large size of the mode 3 particles
(causing their dominance in the middle and lower cloud despite their low measured number
density) obscures the properties of the lower cloud and precloud layers in Figure 2.28, but mode

1 and 2 particles are present in the relevant layers.

All four cloud modes are described with log-normal size distributions as specified in Table 2.5.
These size distributions are used to calculate the monochromatic scattering properties for each

mode, which are then averaged over the spectral bands and added into the spectral file.

Table 2.5. Number density and size distribution values used to calculate the single scattering
aerosol properties. Number densities are calculated to approximate the mass weightings in Table

2.4, averaged across the atmosphere.

Particle number Geometric mean | Geometric standard
Mode density / m™ radius / pm deviation
1 3.98 x 10® 0.3 1.56

2 7.49 x 107 1.0 1.29
3 6.14 x 107 1.4 1.23
4 1.34 x 107 3.65 1.28
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Mode 3 is poorly understood, with some suggestions that it could either be a non-sulphuric acid
species (possibly crystalline) or may not exist, its apparent detection instead being due to
instrumental error in LCPS that provided most of the cloud number size and density
measurements (Knollenberg & Hunten, 1980; Ragent & Blamont, 1980; Toon et al., 1984; see
Section 1.3.3.3). In the absence of any certainty about the composition of mode 3, it is modelled
as sulphuric acid (though with a basalt core, as described in Section 2.1.2.2), but it must be
acknowledged that this may be incorrect. The refractive index of mode 3 is taken to be that of

sulphuric acid.

Figure 2.29 shows the impact of each of the cloud modes on the TOA spectrum. As for the gases,
this is done by calculating the difference between the TOA spectrum of the whole atmosphere and
for the atmosphere with the single cloud mode neglected. All cloud modes have a net scattering
effect (negative flux difference). The absolute value is therefore plotted for compatibility with the
log scale.
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Figure 2.29. Modelled effect of aqueous sulphuric acid modes 1, 2, 2* and 3 cloud particles on

the TOA spectrum. All modes have a scattering effect on the spectrum.

Due to its dominance in the upper clouds and haze, mode 1 has the largest effect on the TOA
spectrum of all the cloud modes. The refractive index of sulphuric acid contains both scattering
and absorbing components (Figure 2.30), but the absorbed light in the visible and UV region is
negligible, accounting for the purely scattering effect of the particles. The lower masses of modes
2,2’ and 3 in the upper parts of the cloud deck mean they have a less significant effect than mode
1. Modes 2’ and 3 in particular have a much lower effect than might be expected for their size and

dominance in the middle and lower clouds due to their depth below the cloud top.

Refractive indices
The sulphuric acid refractive index data is the standard sulphuric acid model used in SOCRATES,
adapted from Palmer and Williams (1975) and shown in Figure 2.30.
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Figure 2.30. Real and imaginary components of the refractive index of 75 wt% sulphuric acid.

2.3. 1D coagulation and sedimentation modelling
Initial analysis of PCM runs with meteoric iron injection showed (as expected) slowly increasing

gas-phase FeCl; concentrations. Prior work suggested that FeCl; should condense to form solid
particles in the upper atmosphere and clouds (Krasnopolsky, 2017), which cannot currently be
modelled in the PCM. Instead, the 1D model initially developed to study the transport of MSPs
between 100 km and the surface by Frankland et al. (2017) was used. Vertical profiles of the eddy
diffusion coefficient (K,) and pressure are based on 1D models by Krasnopolsky (2007, 2012),
and the temperature profile is an equatorial zonal average from the PCM. The profiles of 7 and

K, are illustrated in Figure 2.31.
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Figure 2.31. Vertical profiles of temperature (solid line, PCM model daytime average at the

equator) and eddy diffusion coefficient (K,,, dashed line) from Krasnopolsky (2007, 2012).
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Due to high concentrations of HCI around 100 km (~4 x 107 cm™), all the meteoric elements were
assumed to form metal chlorides at this altitude through acid-base reactions, by analogy with the
example of FeCls (Chapter 5). Using the ablation profiles from Carrillo-Sanchez et al. (2020), the
global mass injection rate at the upper model boundary was predicted to be (in descending order
of mass input): FeCl; (11.9 t d); OSi(OH)CI (6.57 t d'); MgCl, (6.28 t d); NaCl (0.94 t d);
NiCl; (0.73 t d™"); AICI; (0.45 t d); and CaCl, (0.31 t d'). The weighted average molar mass of
a metal chloride molecule is then 116 amu. These chloride molecules were assigned a density of
2350 kg m™, so that the monomer chloride molecules (treated as spheres) have a radius of 0.27
nm. Assuming that the injection from above 100 km is globally homogenous, this represents a
monomer particle flux of 3.4 x 10° cm™s™', 31% of which are iron chlorides. Particles are removed

at the surface with a deposition velocity of 1 cm s™'.

The model has the option to allow the monomers to coagulate into MSPs. In reality, this should
occur to some extent above the haze layer (i.e., above 80 km), but the metal chloride molecules
are likely incorporated into droplets below that. Coagulation is treated in the model using a semi-
implicit, volume-conserving sectional code (Saunders & Plane, 2006), where particle growth
occurs through 65 discrete size bins. These start with the first bin size (» = 0.27 nm) corresponding
to the monomer, and the volume of each successive bin then increases by a factor of 1.5 up to the
largest size of 1.54 um. Particle growth is assumed to be dominated by Brownian diffusion;
collisions between particles result in coalescence where the spherical morphology and particle
density are maintained. The collision rate coefficients of the particles are calculated using the
expression for the free molecular regime (Knudsen number >> 1), interpolated into the transition
regime for larger particles (Fuchs, 1964). A collision efficiency of 1%, decreasing the collision
rate coefficients by a factor of 100, is applied to allow for collisions which do not result in

coalescence.

The vertical sedimentation velocity of particles is determined in the model from the form of
Stokes’ law describing a spherical particle falling through a stationary fluid (Jacobson, 2005),
which includes the Cunningham slip correction factor to take account of the non-continuum
effects of drag on small particles. The continuity equation for the particles in each size bin was
then solved using a time-implicit integration scheme (Shimazaki, 1985). Full details and
description are available in Frankland et al. (2017). Results of the modelling are presented in

Chapter 5.
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3. Photochemical and radiative transfer modelling of OSSO
Much of the work presented in this chapter is also in a co-authored publication:
Egan, J. V., Feng, W., James, A. D., et al. (2025). Is OSSO a significant contributor to

the unknown UV absorber in Venus' atmosphere? Geophysical Research Letters, 52,

€2024GL113090. https://doi.org/10.1029/2024GL113090

3.1 Introduction
In this chapter, the reaction kinetics of the production of S,O, from SO + SO third body

recombination (Frandsen et al., 2016) are revisited, and the reaction of the S,O, isomers with
atomic O, which has been detected above the clouds (Hiibers et al., 2023), and Cl are investigated.
Photolysis cross-sections and the resulting photolysis rates of the S>0, isomers are predicted. The
Venus PCM (described in Section 2.1) was modified to include the new S;O, isomers and their
reactions, from which their concentrations could be predicted. The sensitivity of the isomers to
the O and Cl reactions was investigated and the S>O, concentration predicted with and without
those reactions. The modelled concentrations were then used with SOCRATES (described in

Section 2.2) to model the resulting TOA reflectance resulting from absorption by S;O,.

3.1.1 Terminology
Despite being a relatively young field of study, the nomenclature in use for isomeric geometries

of S,0; is already evolving. The terminology used to refer to the first four isomers of S,0, (Figure
3.1) is listed in Table 3.1. Additional terminology exists for other isomers (Frandsen et al., 2016;
Hochlaf et al., 2021), but they are only used in a limited number of papers and are broadly

consistent, so will not be included here.

1: cis-0OSSO 2: trans-0SSO 3: cyclic-S;0; 4: trigonal-S;0;

Vet AT

o9

Figure 3.1. Adapted from Frandsen et al. (2016). Diagrams of the four relevant S,0, isomers
considered in this thesis. Oxygen atoms are shown in red, sulphur atoms in yellow. I[somer
numbers are indicated in labels. Table 3.1 details the nomenclature in use for these isomers in

the literature.
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Table 3.1. Summary of the nomenclature used to refer to the first four isomers of S,0, in the

current literature.

Paper Name given in paper
Isomer
number Collective 1 2 3 4
Frandsen et ¢1-S20; )
S,0, cis-OSSO trans-OSSO trigonal-S,0;
al. (2016) Ci-S:0,
Krasnopolsky
S20, cis-OSSO trans-OSSO — S=S0;
(2018)
Wu et al. cyclic
S20, syn-0SSO anti-OSSO S=S0,
(2018) 0OS(=0)S
C1-5,0; trigonal
Pinto et al. cis-OSSO trans-OSSO )
(SO) cyclic S=S0,
(2021) cis-OSSO trans-OSSO ]
0S(=0)S trigonal-S,0;
Hochlaf et al. trigonal-
S20, cis-OSSO trans-OSSO cyc-OSSO
(2021) 0SSO
. ) cyclic-S;0, | trigonal-S,0,
This thesis S20; cis-OSSO trans-OSSO
cye-S;0, trig-S;0;

Throughout this thesis, the following conventions are adopted: individually, the four forms are
cis-0SSO, trans-OSSO, cyclic-S;0,, and trigonal-S;0,. If space is short, such as in figures,
cyclic-S,0: is shortened to cyc-S,0,, and trigonal-S,0; to trig-S,0,. Collectively, the isomers are
referred to as S;0,. The updated atmospheric models do not include trigonal-S,0,, so any
references to S>O, with regard to the updated PCM runs should be taken to refer solely to
cis-OSSO, trans-OSSO, and cyclic-S;0,. Where cis- and trans-OSSO isomers are required to be

referred to separately to cyclic- and trigonal-S,O», they are collectively referred to as “OSSO”.

3.1.2 Prior work

3.1.2.1 Concentrations
The combination of two isomers of S,O» — cis- and trans-OSSO — was proposed to be a significant

contributor to the unknown UV absorption due to their theoretically-predicted ready formation
from the recombination of gas-phase SO, and good spectral agreement with the shape of the
unknown UV absorber (Frandsen et al., 2020; Frandsen et al., 2016). The absorption is due to
cleavage of the S-S bond of the OSSO isomers to reform SO molecules, resulting in a short
lifetime for the species, with predicted photolysis rate coefficients of 0.16 s™ and 0.39 s for
cis- and trans-OSSO, respectively. Frandsen et al. (2016) predicted the formation of three isomers
of S;0; under Venusian conditions. Assuming equal production of cis- and trans-OSSO, and
modelling a photochemical steady state between formation from SO and destruction by

photolysis, cis-OSSO would account for 69% of total S,0,, trans-OSSO 29%, and the remaining
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2% would be cyclic-S,0,. This was supported by laboratory measurements by Wu et al. (2018)
of these species as the products of SO + SO combination in a matrix isolation study. Frandsen et
al. (2016) reported a single layer of S,0, at an altitude around 62 km, with a peak concentration

of ~6 x 10" cm™.

However, 1D photochemical modelling of the sulphur cycle in the Venusian atmosphere found
that OSSO concentrations were two orders of magnitude too low to explain the observed UV
absorption (Krasnopolsky, 2018; Pinto et al., 2021). Pinto et al. (2021) reported modelled profiles
for cis-OSSO, trans-OSSO and the fourth isomer, trigonal-S;0,, with a peak vmr at 65 km of
2.5x10™"" and a concentration ratio cis-OSSO:trans-OSSO:trigonal-S,0, of 64:16:20%, while
Krasnopolsky (2018) reported two layers, with peaks of 2.9 x 107 cm™ at 59 km and 4.7 x 10® cm™
at 67 km, and a concentration ratio of cis-OSSO:trans-OSSO after photolysis of 82:18%, with no

mention made of a third isomeric form present.

It should however be noted that Pinto et al. (2021) and Krasnopolsky (2018) both assumed
70:30% production of the cis- and trans- isomers, and Pinto et al.’s inclusion of trigonal-S,;0;
seems to be a misinterpretation of Frandsen et al. (2016). They reported: “[Frandsen et al. (2016)]
concluded that SO recombination yields ~49% as cis-OSSO, ~49% as trans-OSSO isomers and
no more than 2% as the trigonal isomer (S=SO,) which is the lowest energy isomer.” Frandsen et
al. in fact reported equal production of ¢is-OSSO and frans-OSSO from SO, and the yields after
photolysis and transformation between isomers of cis-OSSO, trans-OSSO, and cyclic-S,0;
(which they term C;-S,0,) to be 69.3%, 28.9% and 1.8% respectively (Table S18 of Frandsen et
al. (2016)). Frandsen et al. reported the formation of trigonal-S,0. from cyclic-S;0; via a
152 kJ mol”' barrier was “not important” and did not model or estimate trigonal-S,O,
concentrations. Pinto et al.’s inclusion of trigonal-S,O, instead of cyclic-S;0, is taken to be an

error, not an indication of missing chemistry.

Photolysis was the only loss process of S;O, considered by Frandsen et al. (2016) and
Krasnopolsky (2018), with Frandsen et al. arguing that collision with SO — the only sufficiently
abundant reactive species at the altitudes considered to collide with OSSO in its short lifetime —
would result in destruction of OSSO that would be 2 orders of magnitude slower than photolysis,
and could therefore be neglected. Pinto et al. (2021) included additional reactions of the S,O»
isomers with O, H, SO, S, S», and NO, with rate constants taken or inferred from Zhang et al.
(2012). Zhang et al.’s reactions, dating from before Frandsen et al.’s emphasis of the need to treat
the correct isomers of S20; in models, assumed all S;0; is trigonal-S,0, so all of their reported

rates should be treated with caution.

3.1.2.2 Absorption cross-sections
Frandsen et al. (2016) initially reported only the wavelength maxima of the cis- and trans-OSSO

cross-sections (316 and 364 nm, respectively), and assumed a Lorentzian lineshape for the two
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species. Pérez-Hoyos et al. (2018) reported a combined and normalised spectrum of both OSSO
isomers, citing Frandsen et al. (2016), though the spectrum they report does not match that
provided by Frandsen et al. (2016). Frandsen et al. (2020) presented fully computed spectra rather

than the lineshapes assumed previously.

Wu et al. (2018) reported experimentally measured UV-Vis spectra of the products of high-
vacuum flash pyrolysis of ethylene episulphoxide (C.H4SO), which they condensed to a solid at
15 K and irradiated at different wavelengths. By comparison of IR and UV-vis spectra and
modelled spectra, they identified the formation and loss of different isomers following irradiation
with different wavelengths of light. The spectra they reported are not pure samples of any one of
the isomers, but probably contain contributions from several isomers and other species, such as
SO,. They did not measure the strength of the absorption and no concentrations of the individual

isomers were reported.

Figure 3.2 shows a comparison of the cis- and frans-OSSO spectra calculated, reported, or
measured by Frandsen et al. (2020); Frandsen et al. (2016); Pérez-Hoyos et al. (2018); and Wu et
al. (2018), along with the spectra calculated in this work (Section 3.3.3). Spectra from Frandsen
et al. (2016) and Frandsen et al. (2020) and this work report cross-sections (primary y axis).
Spectra from Wu et al. (2018) and Pérez-Hoyos et al. (2018) are plotted as unitless absorbance
(secondary axis) as Pérez-Hoyos et al. reported normalised absorbance for the sum of both cis-
and trans-OSSO, while Wu et al. reported measured spectra of the unirradiated products of their
reaction, followed by several subsequent irradiations. They observed a decrease in absorption at
390 and 517 nm following irradiation with 579 nm light, which they attributed to the loss of trans-
OSSO. Subsequent irradiation at 365 nm depleted the absorption band at 375 nm, which they
attributed to loss of cis-OSSO, and increases absorption at 517 nm, which they then attributed to
“syn-OSOS” (which Frandsen et al. (2016) called “cis-SOSO” and is not included in this study)
rather than trans-OSSO due to its response to later irradiations. The spectra presented in Figure
3.2 are calculated by taking the differences of the spectra reported by Wu et al. before and after
depletion of the OSSO isomers (cis-OSSO is the 597 nm-irradiated spectrum minus the 365 nm-
irradiated spectrum, while #trans-OSSO is the unirradiated spectrum minus the 597 nm-irradiated
spectrum). The relative heights of spectra from Pérez-Hoyos et al. and Wu et al. should not be

compared to each other or to the other spectra.
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Figure 3.2. Comparison of the literature OSSO spectra with those of this work. Solid lines are
cis-OSSO spectra, dashed lines are #rans-OSSO. Spectra from Frandsen et al. (2016) and
Frandsen et al. (2020) and this work are plotted on the primary axis and compare cross-section
values. Spectra from Wu et al. (2018) and Pérez-Hoyos et al. (2018) are plotted on the
secondary axis (blue) as the authors did not report cross-sections, only absorbance. In the case
of the spectrum from Pérez-Hoyos et al. (dotted line), this absorbance is normalised to

maximum of 1.0 and is a combination of both cis- and trans- isomers.

The cross-sections predicted by Frandsen et al. (2020) are more than twice the strength of those
from their earlier work (Frandsen et al., 2016) and those predicted in this work. There are also
small shifts in the central wavelengths of the absorbance spectra. The spectrum from Pérez-Hoyos
et al. (2018) references Frandsen et al. (2016), and is plotted on the secondary axis with a
maximum of 1, so should not be interpreted as an additional source supporting the strength of
absorption reported in Frandsen et al. (2020). Frandsen et al. (2020) report the difference from

the spectrum reported in their earlier work is due to the different method used to calculate the

spectra.

The spectra reported by Wu et al. (2018) differ significantly from the predicted spectra. The
absorption band that Wu et al. identified as cis-OSSO is shifted to significantly longer
wavelengths than is predicted and would not be suitable for reproducing the NUV absorption.
They also found additional absorption at 517 nm which they attributed to trans-OSSO. If this
absorption band is present in gas phase species, it would preclude OSSO as the unknown UV
absorber as it is not consistent with observations. Some differences are to be expected as the
predicted spectra are for gas-phase species, but expected spectral shifts from matrix isolation are

significantly smaller than the differences seen and not sufficient to explain the difference in the
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spectra. It is likely that the species measured are therefore not cis-OSSO and trans-OSSO as Wu

et al. claim.

3.2 Existing PCM chemistry

3.2.1 Sulphur chemistry
3D photochemical modelling is carried out using the Venus PCM. Validation of the model and

comparison to observations is available in Chapter 2. Table 3.2 lists the sulphur chemistry

included in the “out-of-the-box” run.

For recombination reactions, marked with ?, the rate coefficient, k, is given by
ko [n] x
_ po
k= m <F (3.1)

T e

where
1

1+ logqg <(kﬁc[:])2>

and [n] is the total number concentration of the atmosphere.

Xpo =

Table 3.2. Sulphur chemistry in r3188 of the Venus PCM.

ID Reaction Rate”
SO;+hv—-SO+0
SO+hv—S+0
S;+hv—28S Computed online, see Stolzenbach et al.
OCS+hv—CO+S (2023)
H>SO4 + hv — SO3 + H,O
T trigonal-S,0, + hv — 2 SO
2001 S+0, —-S0+0 k=1.6x10""2exp (g)
g002 | S+0;—SO+0, k =12x10""
2003 SO+0,—>S0,+0 k=1.6x10"exp (_272,80)
2004 SO+ 0; — SO, + O k=34x10""exp (_171,00)
2005 SO+ OH — SO, +H k=26x10"1exp (?)
2006 S+OH—SO+H k =6.60 x 10711
ko = 4.2 x 10730
g007+* | SO+ O (+ COz) — SO; ko, =5.3x 10711
F. =06
2008 SO + HO, — SO, + OH k =28x10"11
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—2400
ko =5 ><9.5><10‘23T‘3exp( 7 )
—850
ko =6.12 x 10" 3exp (T)
g009* | SO;+ O (+CO,) — SO; T
F.=0. —
.= 0.558 X exp(316)
+0.442 X ( il )
' P\ 7442
- 900
g010f* | S+ 0O (+ CO,) — SO ko = 1.5 X 10734 [n] exp (T)
_ {kT if T>100 K
571 x 10713 otherwise
g011 SOs + H,O (+ H,0) — H,SO4 where
B 6540
kr =2.26x107*3 T x exp (T)
g012 SO + ClO — SO, + Cl k =28x10"11
g013 SO+ S03 — 2 SO, k =20x10"15
—487
g014 SO3+0 — SO, + 0, k =232 x 10" %exp (T)
ko =1.1x1072°
g015% | 2 SO (+ CO) — trigonal-S,0, ke, = 10711
F. =06
K = kgo16
016 trigonal-S,0, (+ CO 2 SO -
go167 8 202 )~ 2.5x 10728 X exp (—60790)
g017 CICO3; + SO — Cl1+ S0, + CO; k =1.0x10"11
—1940
g018 S+ CO (+ C0O,) — OCS k=25 x4.0 X 10_33exp( T )
g019 CICO+S —-0CS + (I k =3.0x10712
. /300\*3
kO =25x%x33x%x10731 (T)
a + +
2020* | SO+ OH (+ CO,) — HSO; ke — 16 x 10-12
F. =06
—330
g021 HSO3 + O, — HO; + SO3 k=13x10"12exp (T)
ko = 1.19 x 10729
g022% | 2S (+COy) — S» ko, = 1.0 x 10710
F. =06
—84
g023 | $2+0 —-SO+S k=22x10"1exp (T)
—1180
2024 S+0CS — S, +CO k =6.63 x 10720 T257 exp ( 7 )
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—2150
g025 OCS+0 — SO+ CO k=16x 10‘11exp( T )
2026 S +8S0; — SO, + SO k=1.0x1071°

200
g027 | S+HO,— SO+ OH k =3.0x 10" exp (T)
g028 | S+ClI0O—SO+Cl k=40x10"""

—5170
029 H>SO4 (+ H,O) — SOz + H,O k=7.0x 10‘14exp ( T )

SOs + OCS — trigonal-S,0, + —10 000
g0307 k=1.0x10"'" exp (—)

CO; T

trigonal-S;0, + OCS — SO, + CO
g0317 k=1.0x10"2°

+S;

~ —1700

g032 | 2SO —S0O,+S k=1.0x10 12exp( T )

1 Indicates reactions that were changed in later model development.
2 Recombination reactions, see Equation 3.1.
® Units: photolysis reactions, s™'; bimolecular reactions, cm?® molecule™ s7;

termolecular, cm® molecule™? s'.

The variation in observable sulphur-containing species and H>O in the out-of-the-box model run
over 9.0 Venus days are shown in Figure 3.3. The accumulation of SO, to a near-constant vmr
throughout the atmosphere indicates that there is insufficient SO, removal chemistry in the cloud
layer. Observations of SO, through the Venusian clouds show a decrease of three to four orders
of magnitude through the cloud deck (Figure 1.30), which is not reproduced by models, including
the PCM (Bierson & Zhang, 2020; Rimmer et al., 2021; Vandaele et al., 2017; Yung & DeMore,
1982). The SO, is destroyed in the PCM by photolysis to form SO, which occurs towards the
cloud tops, and oxidation to form HSO; or SOs, from which H,SO; is formed and condenses to

produce the clouds. At the cloud base, H,SO4 dissociates to reform SO, and H,O.
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Figure 3.3. Variation of global mean a) SO, b) SO, c¢) H,O, and d) OCS over 9.0 Vd in the
out-of-the-box PCM run.

Rimmer et al. (2021) reasoned that as the formation of H>SO4 requires the destruction of at least
one H>O and one SO, molecule (or two SO, molecules if the SO is oxidised to SO3; with oxygen
from a second SO, molecule), H,O and SO, concentrations would be expected to be within a
factor of two of one another. The actual ratio of SO to H>O is observed to be 5:1. The maximum
SO; decrease through the cloud deck attributable to reaction with H,O is therefore approximately
one fifth, significantly lower than the three to four orders of magnitude observed. An additional
sink of H,O is expected from condensation into cloud droplets, as the observed concentration of
80 wt% suggests an approximately 1:1 ratio of H>O to H>SO4 molecules in the condensed phase,
requiring an extra H>O molecule for SO, removal to H,SOs, further decreasing the amount of SO,

that can be removed by this method.

Increased SO loss to a reservoir species that could then reform SO, at the cloud tops (where
Mahieux et al. (2023a) and Sandor et al. (2010) report an increase in SO, concentration with
increasing altitude) has been suggested to explain the observations (Frandsen et al., 2016; Zhang

et al., 2012). The feasibility of OSSO to provide this sink is considered in this study.

With the exception of OCS, which remains broadly constant throughout the run, the plotted
species increase in concentration in and above the upper clouds to around 125 km, above which
there is variation in all species, but no clear trend with time across the model run. There is very
little change below the clouds due to slow vertical mixing in the lower atmosphere (Cohen et al.,
2024). After 8.0 Vd, steady state is reached with an almost constant SO, profile through the lower

and middle atmosphere.
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3.2.2 5,0, chemistry
The out-of-the-box PCM run includes S,O» chemistry, but, like other previous models (e.g.,

Krasnopolsky, 2016; Zhang et al., 2012), it treats all S>O, present as the most stable isomer,
trigonal-S,0,. The S,0» concentration across a 9.0 Venus day model run is shown in Figure 3.4.
Consideration of the potential energy surface of the SO + SO reaction (Section 3.3.3) found, in
agreement with Frandsen et al. (2016), that trigonal-S>O, would not be a significant form of the
molecule in the Venusian atmosphere. All trigonal-S,0O, chemistry was therefore removed from
the model for subsequent runs, and replaced with chemistry for the three dominant isomers,

¢is-0SSO, trans-0OSSO, and cyclic-S>0,.

160 '
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Figure 3.4. Variation of global mean trigonal-S,0; in the out-of-the-box PCM run.

The trigonal-S,0, concentration increases over time for the first ~6.5 Vd, then remains
approximately constant, with some variation. Steady state has been reached, with a maximum
concentration of ~1 ppb (vmr of 1 x 10”). This is approximately an order of magnitude lower than
the concentrations of S,O» predicted by Frandsen et al. (2016). It would therefore not be sufficient
to simply reallocate the trigonal-S;O, concentration to other isomers; the new chemistry must

increase the total S;0, by an order of magnitude as well to reproduce Frandsen et al.’s findings.

3.3 Quantum chemistry calculations

3.3.1 Relevant isomers
Rate coefficients for the reactions of SO and S;O; were estimated by J. M. C. Plane by combining

electronic structure (ab initio quantum) calculations with Rice-Ramsperger-Kassel-Markus
(RRKM) statistical rate theory. These calculations were performed with the Gaussian 16 suite of
programs (Frisch et al., 2016), using the wlbd (Brueckner Doubles Variations of W1 Theory)

compound method (Barnes et al., 2009). The molecular geometries of the stationary points on the



131

potential energy surfaces (PESs) for the recombination reaction SO + SO were optimized and
vibrational frequencies calculated. The geometries, rotational constants, vibrational frequencies
and heats of formation (at 0 K) of these stationary points are listed in Table 3.3. The PESs are
shown in Figures 3.5 and 3.6, which also illustrate the molecular geometries of the stationary
points. The wlbd method was developed to determine high accuracy bond energies: for example,
the bond energy of SO, (i.e., SO, — SO + O) is calculated to be 546.16 kJ mol™ at 0 K, which is
in excellent agreement with a value of 546.17 kJ mol” calculated from the literature heats of

formation of O, SO and SO, (Chase et al., 1985).

Table 3.3. Molecular properties and heats of formation (at 0 K) for the stationary points on the
singlet and triplet potential energy surfaces for the dimerization reaction SO + SO (the singlet
surface is illustrated in Figure 3.5), and for the SSO, SO, and CISO products formed in the
reactions of ¢is-OSSO with CO, O and Cl atoms (Section 3.3.2 and Figure 3.7 — 3.9).

Molecule Geometry Rotational | Vibrational AH’(0 K)
(electronic (Cartesian coordinates constants frequencies (kJ mol™)
state) in A)* (GHz) * (em™)? ab
SO S, 0., 0., 0.0044
21.37645 1158 5.0
CZe) 0,0.,0.,1.4935

Singlet surface (Figure 3.5)
S, 0.,1.0062, -0.4410
cis-OSSO 0, 0., 1.6353, 0.8886
(‘A) S, 0., -1.0062, -0.4410
0, 0.,-1.6353, 0.8886

13.4056 128, 284, 478,
3.36254 492, 1143, -132.1
2.68824 1193

TS1 from
S, 1.0577, -0.3555, -0.3557

cis-OSSO 13.6786 1314, 188,
0, 1.7906, 0.6904, 0.4156

to 2.69174 268, 352, -50.1
S, -1.0577, -0.3552, 0.3561

trans-OSSO 2.55986 1058, 1100

(A) 0, -1.7907, 0.6898, -0.4163

S, 0.4903, 0.9133, 0.0000
trans-0SSO | 0, -0.5103, 2.005, -0.0000

('Ay) S, -0.4903, -0.9133, 0.0000
0, 0.5103, -2.0050, -0.0000

21.4126 165, 173, 307,
2.77608 432, 1119, -117.5
2.45747 1134

TS2 from
S, 0.8208, 0.003, 0.3541
trans-OSSO 13.5928
0, 1.8354, -0.6707, -0.4402 641i, 239, 303,
to 3.51409 -10.1
_ S, -1.1410, -0.2909, -0.0710 517,827, 1224
cyclic-S,0, 3.06128

(A) 0, -0.8618, 1.2857, -0.2261
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S, 0.5205, 0.9863, -0.2533

0, -0.2247, -1.2650, -1.0578

] 13.3817 264, 416,
cyclic-S,0, | O, 0.0137, 2.0494, 0.5737
3.88044 443, 565, 811, | -99.3
('A) S, -0.3281, -0.9336, 0.0665
3.45908 1283
0, 1.2024, -0.2233, 0.6088
TS3 from
S, -0.3872, 0.1600, -0.5482
cyclic-S,0, 10.3162 619i, 255, 376,
0, 0.1550, 1.3092, -1.2244
to 4.00820 464, 1031, 33.8
S, 0.1200, -0.2664, 1.4486
trigonal-S,0, 3.06470 1299
0, 0.1120, -1.2028, -0.7971
(‘A)
S,0,0.,0.3878
10.3219 346, 405, 470,
trigonal-S,0, | O, 0., -1.2371, 1.1114
4.36243 666, 1185, -173.5
(‘Ay) S, 0., 0., -1.4956
3.06644 1381
0,0, 12371, 1.1114
Triplet Surface (Figure 3.6)
S, -1.0430, -0.3433, -0.3742
14.0109 81, 197, 254,
0SSO 0, -1.8103, 0.6551, 0.4278
2.67067 361, 1052, -51.7
CA) S, 1.0432, -0.3433, 0.3742
2.58269 1095
0, 1.8103, 0.6551, -0.4278
TS4 from S, -0.7453, 0.0690, -0.0732
13.1965 1247, 141,
OSSO to 0, -1.0301, 1.1992, 0.7926
) 3.39511 361, 386, 713, | 122.2
trigonal-S;0, | S, 1.4342, -0.2954, -0.7081
3.08776 1235
CA) 0, 0.3417, -0.9728, 0.6664
S, 0.2603, 0., -0.5455
) 9.16138 141, 244, 420,
trigonal-S,0, | O, -0.2247, 1.2650, -1.0578
3.94042 481, 1094, -22.5
CA”) S, -0.0820, 0., 1.5716
2.87989 1291

2 Calculated at the wlbd level of theory

b Using A¢HP(SO) =

50 kJ mol”, AFP(SO,) = -294.3 kI mol', A¢FP(CO) = -113.8 kJ mol,

AHP(O) = 246.8 kJ mol™', AgH°(S) = 274.7 kJ mol!, A¢H°(Cl) = 119.6 kJ mol™! (Chase et al., 1985).
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Figure 3.5. Potential energy surface (singlet spin multiplicity, zero-point energies included) for

the reaction SO + SO (the triplet surface is not shown here to maintain clarity — see Figure 3.6).

Calculations are at the wlbd level of theory (Barnes et al., 2009).

Inspection of Figure 3.5 indicates that singlet cis-OSSO, trans-OSSO and cyclic-S,0, will be
produced at temperatures below 350 K (i.e., pertinent to the upper clouds of Venus), with
¢is-OSSO being the major product as it is the most stable of these isomers and they are connected
by submerged barriers TS1 and TS2. The most stable isomer, trigonal-S,0O», is not accessible at

low temperatures because of the 23.3 kJ mol™ barrier above the entrance channel (TS3).

The SO + SO reaction can also occur on a triplet surface. However, the initial triplet OSSO is
weakly bound and there is a large barrier to forming triplet trigonal-S,;0, (Figure 3.6), so reaction

on the triplet surface should not be an important source of OSSO.
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Figure 3.6. Potential energy surface of triplet spin multiplicity for the reaction SO + SO.
Calculated at the wlbd level of theory (Barnes et al., 2009).



134

3.3.2 Rate constants
RRKM calculations of the rate coefficients for formation of S, isomers by the termolecular

recombination reaction SO + SO + M were preformed by J. M. C. Plane using the Master Equation
Solver for Multi-Energy well Reactions (MESMER) program (Glowacki et al., 2012). MESMER
assumes that the reaction initially forms an excited adduct, which can either dissociate back to the
reactants or be stabilized by collision with N, the third body, into any minimum on the PES
(Figure 3.5). The internal energy of the adduct was divided into a contiguous set of “grains” (width
70 cm™). Each grain, which contains a bundle of rovibrational states, was then assigned a set of
microcanonical rate coefficients for dissociation back to the reactants. These microcanonical rate
coefficients were linked by inverse Laplace transformation to the high-pressure limiting
recombination coefficients. These were estimated from the total capture rate, determined using
long-range transition state theory to be 6.6 x 107°(7/298)*'%” cm® molecule™ s™' (Georgievskii &
Klippenstein, 2005). Since reactions of two triplet SO molecules can occur on either singlet, triplet
or quintet surfaces, statistically 1/3 of the collisions will be on the singlet surfaces, which will
form either cis- or trans-OSSO, as shown in Figure 3.5 (additional potential isomers SOOS and
OSOS are not stable enough to require further consideration). Assuming that the SO molecules
have equal probability of approach at the range of angles to form cis- and trans-OSSO, then their

high-pressure limiting recombination coefficients are 1.1 x 10™°(7/298)*'%” cm® molecule™ s™.

The exponential-down model (Gilbert & Smith, 1990) was used to estimate the probability of
collisional transfer between grains. The average energy for downward transitions (AE)down Was
set to 300 cm™ for N, at 300 K, and a small 7°% temperature dependence. The resulting
temperature-dependent rate coefficients for formation of ¢is-OSSO, trans-OSSO and cyclic-S;0,
were then multiplied by a factor of 2.5 to account for the increased efficiency of CO; (the major
component of the Venusian atmosphere), compared with N, (Gilbert & Smith, 1990). The rate
coefficient for the thermal dissociation of each S,O, isomer was then determined by detailed

balance.

Several possible reactions for the loss of OSSO were considered. Besides thermal dissociation
and photolysis, the isomers could also react with SO, CO, O, and Cl, which are all relatively
abundant above 70 km. Reaction with SO, which was considered and subsequently rejected by
Frandsen et al. (2016), can only occur on the triplet surface. It has a large barrier to formation and
is therefore discounted. The molecular geometries of the stationary points on PESs for the
reactions of OSSO with CO, O and Cl were optimized and vibrational frequencies calculated. The
geometries, rotational constants, vibrational frequencies and heats of formation (at 0 K) of these
stationary points are listed in Table 3.4. The PESs for reactions of cis-OSSO with CO, O, and Cl
reactions are shown in Figures 3.7 — 3.9. PESs for reactions with #rans-OSSO are similar, so

figures are not repeated for both isomers.
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Table 3.4. Molecular properties and heats of formation (at 0 K) for SSO, SO,, and CISO
products and stationary points on the PESs for the reactions of cis-OSSO with CO, O and Cl
(Figures 3.7 —3.9).

Molecule Geometry Rotational | Vibrational | AH’(0 K)
(electronic (Cartesian coordinates constants frequencies (kJ mol™)
state) in A)* (GHz) * (cm™)? ab
S, 0.8822, 0.5305, 0.6703 641i, 123,
TS5 from cis- | O, 0.9630, 1.5685, -0.3576 3.50672 150, 200,
OSSO+ CO to | S,0.1213, -1.2437, 0.0945 ' 276, 380,
2.41254 -91.2
SSO + CO; 0, -1.1176, -0.8959, -0.8846 L7147 435, 500,
('A) C,-2.1918, 0.1164, -0.2873 ' 632, 761,
0, -1.8219, 0.8358, 0.5545 1184, 1860
S, 1.4488, -0.0905, -0.2779
TS6 from cis- 6001, 68, 128,
0, 1.4140, 1.2016, 0.4389 5.41951
OSSO+ Oto 183, 287,
S,-0.4373, -1.0473, -0.0022 | 2.28865 182.8
SSO + O, 367, 427,
0, -1.3265, 0.0312, 0.6382 1.79628
CA) 901, 1134
0, -2.1082, 1.0737, -0.5190
S, 0.,0.9588, -0.4270 41.8098
SSO 384, 686,
. 0, 0., 1.6397, 0.8634 5.01200 -53.6
(CA") 1205
S, 0.,-0.9376, -0.4363 4.47549
S, -2.2277, -0.2357, -0.0005
12, 30, 50,
0, -2.2566, 1.1996, 0.0006 12.6023
0S-S0; 57,70, 523,
3 S, 2.1274, -0.0447, 0.0001 0.83908 -295.4
CA) 1153, 1182,
0, 3.5613, 0.3621, -0.0005 | 0.78670 1382
0, -0.9559, -0.9087, 0.0004
S, 0.0015, 0., 0.0008 59.8652
SO, 522, 1183,
X 0, 0.0019, 0., 1.4375 10.2846 -294.3
CA) 1386
0, 1.2549, 0., -0.7011 8.77681
S, 0.2846, 1.1334, -0.7170
51, 112, 179,
0, 0.5523, 1.7811, 0.2776 4.24621
OS(C1)SO 269, 295,
S, -0.3147, -1.0708, -0.7725 | 1.76190 -164.0
CA) 397, 463,
0, 0.0963, -1.6208, 0.5466 1.32199
1099, 1229
Cl, -0.5455, 1.3325, -2.6695
S, -0.0003, 0.8130, 0. 32.7101
CISO 295, 472, -105.2
0, 1.4655, 0.8462, 0. 4.40075
(A”) 1181
Cl, -0.6841, -1.1592, 0. 3.87889

2 Calculated at the wlbd level of theory
® Using A#(SO) = 5.0 kJ mol!, AFP(SO:) = -2943 kJ mol', AH°(CO) = -113.8 kJ mol’,
AH(0) = 246.8 kJ mol'!, A¢H°(S) = 274.7 kJ mol ™!, A¢H°(Cl) = 119.6 kJ mol™! (Chase et al., 1985).
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Figure 3.7. Potential energy surface for the reaction cis-OSSO + CO (singlet spin multiplicity),

calculated at the wlbd level of theory (Barnes et al., 2009).

100
50 -
0 4
-50 :
-100 1
150 1
-200 1
-250 |
-300 |
-350 -
400 -
450 -

Potential energy / kd mol”’

Reaction coordinate
Figure 3.8. Potential energy surface for the reaction cis-OSSO + O (triplet spin multiplicity),

calculated at the wlbd level of theory (Barnes et al., 2009).
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calculated at the wlbd level of theory (Barnes et al., 2009).
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Although the reaction of OSSO with CO is quite exothermic (AH,° (0 K) = -203 kJ mol™), the
reaction is prevented by a pronounced barrier of 155 kJ mol™ (Figure 3.7). Reaction of OSSO
with O can either produce SSO + O, or SO, + SO. The first of these channels was explored in a
recent paper by Francés-Monerris et al. (2022) as a route to making polysulphur. However, there
is a substantial barrier of 68 kJ mol' which will shut down this channel at low temperatures
(Figure 3.8), and the products SO, + SO would form through a highly exothermic channel
(AH,° (0 K) = -404 kJ mol™). Atomic CI will react rapidly with OSSO to form CISO + SO with
no barrier (AH,° (0 K) = -88 kJ mol™) (Figure 3.9).

The rate constants of formation and loss of CISO, cis-OSSO, trans-OSSO, and cyclic-S,0,, are
listed in Table 3.5. Reactions of S;0, with O and Cl were assigned a value close to the collision

capture rate, with a small 7 dependence due to their barrierless formation pathways.

Table 3.5. Reactions and rate coefficients describing S,O, chemistry that has been added to the

Venus PCM. Recombination reactions, marked with ? have rates defined by Equation 3.1.

Number

No. | in code | Reaction Rate coefficient”
ko=3.85x 107" (1/298 )3°
1| g033 SO + 80 (+C0O2) —> cis-0SSO" | ko = 1.1 x 1077 (77298 '
Fc=042
-1 | g034 cis-OSSO (+C02) - SO+SO | k1 /(1.02 x 107 exp(17231/T))
ko=2.82 x 107! (1/298 )8
SO + SO (+CO,) — trans-
2 | g035 ko=1.1 x 107° (77298 )*1¢7
0SSO*
Fc=042
2 | g036 trans-0SSO (+C0O,) — SO + SO | ka2 / (1.73 x 1077 exp(15395/T))
ko =4.24 x 1072 (7/298 )38
3 | g037 SO + SO (+CO,) — cyclic-$:05" | ke = 1.1 x 1070 (77298 )*1¢7
Fc=0.42
-3 | g038 cyclic-S,0; (+C0O,) = SO+ SO | k3 / (6.75 x 107 exp(13392/T))
2040
cis-OSSO, trans-0OSSO, and

4 | g042 _ 1.1 x 107 (77298 )1¢7
cyclic-S20,+ O = SO, + SO
g044

039
8 cis-OSSO, trans-OSSO and
5 g041 1.1 x 107 (77298 )1¢7
cyclic-S,0, + Cl1 — CISO + SO
g043

6 | g045 CISO + 0 — Cl + SO, 1.1 x 1077 (77298 )™

* Recombination reactions, see Equation 3.1.

® Units: bimolecular reactions, cm® molecule™! s™!; termolecular, cm® molecule? s
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3.3.3 Cross-sections and photolysis
The optical absorption cross-sections of the relevant S,O, isomers and CISO were calculated by

J. M. C. Plane using EOM-CCSD theory (Goings et al., 2014) with the aug-cc-pVQZ basis set
(Frisch et al., 2016), for the first 30 excited electronic states for each molecule. The resulting
spectra are illustrated in Figure 3.10. Each cross-section was then convolved up to its dissociation
threshold with the solar actinic flux from the SOLAR2000 empirical solar irradiance model
(Tobiska et al., 2000), scaled to Venus’s orbit. The resulting photodissociation reactions are listed
in Table 3.6. These TOA rates were fixed at all levels in the Venus PCM; this is a reasonable
approximation above 60 km where OSSO is abundant, since most of the photolysis occurs in
spectral bands at wavelengths greater than 200 nm where attenuation of incoming solar radiation

by CO; absorption is not significant.

10716
- cis-OSS0O
o trans-0OSSO
3 ¢yc-5,0,
[0}
o CISO
g 107 4[N
(8]
e
o
c
§el
8 10—18 4
0
9
N
e
®]
10’19 T T T T

200 300 | 460 | 5(I)0
Wavelength / nm
Figure 3.10. Absorption cross-sections versus wavelength: cis-OSSO and trans-OSSO
calculated using EOM-CCSD theory (Goings et al., 2014) with the aug-cc-pVQZ basis set;
cyclic-S,0; and CISO calculated with TD-B3LYP theory and the 6-311+g(2d,p) level of theory

(Frisch et al., 2016).

Table 3.6. Photolysis rates of S,0» isomers and CISO that have been added to the Venus PCM.

Photolysis Rate / s
cis-OSSO 0.11
trans-OSSO 0.23
cyclic-S,0, 9.5x 103
CISO 0.11

3.3.4 Summary of additional changes to the published PCM
In addition to the new photolysis and chemistry detailed in Sections 3.3.2 and 3.3.3 (Tables 3.5

and 3.6), changes were made to the chemistry in the released PCM (Table 3.1), which are
summarised and explained in Table 3.7. Recombination reactions, marked with *, have rates

defined by Equation 3.1.



Table 3.7. Changes to the chemistry scheme from the released PCM version 3188.

Reaction ID Reaction Previous rate” New rate” Explanation
Typo in expression for kg in
- - released code when compared to
e001 CO+0OH—-CO;+H kg =25x%69 x 10733 (ﬁ) ko =2.5x%6.9 x 10733 (@) its reference (Burkholder et al.,
2019). All other expressions
unchanged.
2.01
ko =5.21x1073° @
ko = 4.2 x1073° 0 ' T o
4007 SO+ 0 (+ COP > SO " 535 10-11 S0\ —0167 Explicit temperature dependence
— 0 = . .
’ ’ koo = 5.4 X 10—11(———) added in
F.=06 T
F. = 0.64
1.40
ko = 8.72 x 10732 (?)
a - 200 -0.167 :
2010 S+0 (+CO,) — SO k=15x1073% [n] exp (T) . 54 % 10-11 (298) : Pressure dependence added in
o =54 X —

T
F. =093
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ko =25x%x44x10731
g015 2 SO (+ CO,) — trigonal-$,0,* | ko, = 1.0 x 10711
F. =06
_ kgo1s
: deq
g016 trigonal-S,0, (+ CO,) — 2 SO 6000
deq =25 x1.0x 10728 (T)
SOs + OCS — trigonal-S,0, + —10 000
2030 k=1.0x10"exp (—)
CO, T
trigonal-S,0, + OCS — SO, +
g031 k=1.0x10"2%°
CO+S;

All reactions involving trigonal-
S,0; are removed and replaced
with reactions with cis-OSSO,

trans-OSSO, and cyclic-S,0;

2 Recombination reactions, see Equation 3.1.

b Units: bimolecular reactions, cm® molecule™ s7'; termolecular, cm® molecule? s
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3.4 Meteoric injection
3.4.1 Background

The ablation of sulphur-containing cosmic dust injects atomic sulphur into the atmosphere above
100 km (Carrillo-Sanchez et al., 2020). The meteoric sulphur flux is poorly studied, even on Earth,
so it is calculated by scaling the modelled Na to account for the relative abundances of the two in
meteoric material (Goémez Martin et al., 2017). This sulphur enters the atmosphere at
hyperthermal speeds, striping O from CO; to produce SO (Goémez Martin et al., 2017). For

efficiency when running the model, the required S flux is injected as SO directly.

3.4.2 Implementation in the code
Using a meteoric input function (MIF) from Carrillo-Sanchez et al. (2020), sodium (and other

metals as required, see Chapter 5) was explicitly added into the model at each height (zlocal) in
the subroutine physig in module physique mod by Wuhu Feng. The input is in mmr and a value
from the MIF is applied for each range of altitudes from 75 to 250 km in steps of 1 km
(95 — 100 km), 5 km (75 — 95 km and 100 — 130 km) or 10 km (130 — 250 km). The sulphur input
is calculated by scaling the sodium by a factor of 8.8 (Gémez Martin et al., 2017) and converted
to mmr by

8.8 X Na input cm™3s71 Mg

Sinputs~! = X (3.2)
tput 5 total density cm™3 Mpean

where M, ¢qn 18 the average molar mass of the atmosphere and Mg the molar mass of sulphur, and

the total density is calculated from the ideal gas law.

As all sulphur is injected directly as SO, the SO mixing ratio is then increased by the amount of

sulphur injected in each timestep (tstep ):

total SO mmr = previous SO mmr + (SO input X tstep) (3.3)

If the resulting total mixing ratio is less than 1 x 107, it is instead set to 1 x 107, the lowest

concentration the model produces.

Development and analysis of the chemistry for meteoric sodium (and magnesium and silicon) is
not part of this project but is planned as future work. Meteoric iron is discussed in Chapter 5.
Meteoric layers of atomic Na should be observable from terrestrial telescopes, and Na, Mg and
Mg" from orbiting NUV spectrometers. While meteoric sulphur and iron cannot be observed,
future validation of the MIF by comparison of observations to Mg and Na models should be

feasible.

3.5 New chemistry results
The PCM was run for 9.0 Venus days (1050.75 Earth days) to reach steady state. Figures 3.11 and

3.12 show the evolution over time of relevant observable species in the new chemistry run
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(Figure 3.11) and the SO MIF run (Figure 3.12). The different cases are compared to one another
in Figure 3.13.
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Figure 3.11. Variation in global mean a) SO», b) SO, ¢) H,0, and d) OCS concentration for the
new chemistry PCM run.
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Figure 3.12. Variation in global mean a) SO, b) SO, c) H,O, and d) OCS concentration for the
SO MIF PCM run.

As was the case for the out-of-the-box run, the new chemistry and SO MIF runs result in an almost
constant SO, vmr from the surface to 100 km. There is minimal change in the vmrs in the lower

atmosphere, and a steady increase with time is seen for SO and H>O below 100 km as before.
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While the H»O profile takes approximately 8.0 Vd to reach steady state, as before, the sulphur
species reach steady state sooner in both the new chemistry and SO MIF runs, after approximately
6.0 Vd. The effects of the introduction of the SO MIF are subtle and occur mainly above 100 km;

these can be seen more clearly in Figure 3.13 (Section 3.6.1).

3.6 Photochemical modelling results
Unless specified otherwise, all results and Figures in this section are taken from the SO MIF

version of the model after 9.0 Venus days.

3.6.1 Relevant observable species
Figure 3.13 shows model profiles of SO,, SO, H,O, and OCS after 9.0 Vd for the SO MIF run

(red and blue solid lines and black dashed lines), new chemistry (labelled “no MIF”) run (pale red
and blue solid lines) and out-of-the-box run (very pale red and blue dashed lines). There is little
change to the OCS profiles, which remain significantly lower than observations for all versions.
The introduction of the new chemistry causes a small decrease in SO concentration from
60 — 100 km, and the introduction of the SO MIF causes an increase in SO; and SO concentration
above 100 — 120 km. The new chemistry causes a small increase in H,O concentration above
60 km. The introduction of the SO MIF causes a small decrease in nightside H,O above 100 km,
consistent with reaction of the H,O with sulphur species in this region. Observations are detailed

in Table 2.2.
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Figure 3.13 Comparison of PCM modelled vmr to observations for a) SO, b) SO, c¢) H>O, and d) OCS. Model results are averaged from -30° — 30° latitude. Dayside

(nightside) is defined as the 140° longitude centred on the subsolar (antisolar) point to prevent capturing terminators. Observations of OCS by Oyama et al. (1980)

constitute an upper limit on OCS concentration due to the limit of detection of the instrument. Dayside (blue) and nightside (red) results are plotted after 9.0 Venus

days for the three runs, the longitude-averaged profiles are for the SO MIF run only.
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SO, is initialised to 10 ppm near the surface, and maintains a near-constant mixing ratio from the
surface to the upper cloud layer (>60 km). This is more than an order of magnitude lower than
observations of the below-cloud region, which consistently report 150 ppm SO, near the surface
(Bertaux et al., 1996; Bézard et al., 1993; Gel'man et al., 1979; Marcq et al., 2008; Oyama et al.,
1980). It is clear that a significant sulphur reservoir in the cloud layer is missing from
photochemical modelling of Venus (Vandacele et al., 2017, and references therein), resulting in a
negligible decrease in modelled SO, through the clouds. Recognising this as a significant
unsolved problem for Venusian research, a value was selected, on the advice of the PCM
development group, that under-estimates below-cloud observations but still over-estimates above-
cloud observations. This results in an above-cloud vmr that is sufficiently high to test the
feasibility of S,O, to provide part of the required sulphur reservoir, while not completely
overwhelming later S,0, absorbance calculations with 150 ppm SO, above the clouds. S,0»
cannot provide a sulphur reservoir to decrease the above-cloud SO,. No further attempts were
made to constrain the SO, concentration to observed levels, and instead it was allowed to exceed

observed levels to maximise the possible OSSO concentration.

The SO, is clearly not reacting with sufficient water in the cloud deck. H,O profiles show a
20-fold decrease with height above 60 km, in line with observations, though this decrease occurs
~40 km too high in the model. The decrease would be expected to occur throughout the cloud
deck, where H,O reacts with SO, to form the sulphuric acid clouds. The problems with the H,O
and SO; profiles and chemistry are beyond the scope of this project, but further research is clearly

required.

On the dayside of the planet, SO is primarily produced by photolysis of SO into SO and O, and
is broadly consistent with observed concentrations. On both sides of the planet, injection of SO
by the ablation of cosmic dust contributes a modelled flux of 3.2 t d”!, with a maximum at 115 km
(Carrillo-Sanchez et al., 2020; Gomez Martin et al., 2017). In Figure 3.13, the lack of
photolytically produced SO on the nightside is apparent as a sharp decrease in concentration at
90 — 110 km, while the SO peak above 110 km is maintained by meteoric input and transport. The
effect of photolysis below 100 km is not apparent in the SO, profile due to the log scale.

OCS concentrations decrease sharply by 9 orders of magnitude above 60 km in the model,
contrary to the one order of magnitude seen in observations. OCS is produced by the reaction of
S with CO or CICO, and the dominant loss mechanism is reaction with atomic O to form CO and
SO. An additional source of OCS is clearly required, providing further indication of the

incomplete understanding of the sulphur chemistry on Venus.
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3.6.2 OSSO results

3.6.2.1 Spatial variation
S>0; is most abundant in a thin layer (note 12 orders of magnitude across the log scale) near

70 km (Figure 3.14), at the boundary of the upper cloud and haze. Higher concentrations of S,0O,
occur on the nightside of the planet by an order of magnitude near the peak of the abundance,
with a slight decrease in peak concentration from low to high latitudes. The decrease in nightside
S,0; concentration near 100 km reflects a decrease in production because of reduced SO, rather
than an increase in the S,0; loss rate. A 2D colourmap of S,0; column abundance above 59 km
is shown in Figure 3.15, which highlights the high concentrations on the nightside. The dominant
form of S,0, is cis-OSSO at all altitudes above ~70 km, followed by #rans-OSSO and then cyclic-
S20,, in the ratio 57:34:9% at the dayside peak. In the 50 — 60 km region where photolysis
dominates the loss of S;0,, the cyclic form becomes the dominant isomer due to its longer lifetime

against photolysis (Table 3.6).
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Figure 3.14. Vmr profiles of the three S;0, isomers in different latitude bands and local times.
An average is taken across 140° centred on the subsolar or antisolar points to avoid capturing

the terminators in dayside and nightside averages, respectively.
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Figure 3.15. Column abundance of S;0; from 59 km to TOA. The black dashed line indicates

local midnight (which is at the break of the plot), midday is the white dashed line. Morning and
evening terminators are clear at 270 and 90°, with an abrupt change in concentration due to
photolysis. The column density on the nightside is approximately an order of magnitude higher

than the dayside.

In Figure 3.15, the higher concentrations on the nightside are clearly visible, along with lower
concentrations in the high latitude and polar regions (see also Figure 3.14). This correlates with
the observed 2D distribution of the unknown absorber (Section 1.4.2), with dark (absorbing) low

latitude regions and brighter (non-absorbing) poles.

3.6.2.2 Production and loss processes
Dayside production and loss, and the dominance of the different loss processes with altitude are

shown in Figure 3.16. The higher peak S>O, concentration at 60 — 80 km at night (Figure 3.14) is
attributed to the lack of photolysis on the nightside, as it is the dominant loss mechanism in much
of this region on the dayside. The primary loss mechanism above 70 km on the dayside and above
60 km on the nightside is reaction with atomic O to produce SO, and SO. Below 40 km, thermal
decomposition of S;0, following collision with a third body (assumed to be CO) dominates the
loss. Loss of S,0 by reaction with atomic chlorine is never dominant on the dayside as the Cl
concentration is much lower than O in and above the cloud layer. Reaction with Cl becomes faster
than O below the clouds, but S;O, destruction in this region is dominated by thermal
decomposition. O and Cl destruction are comparable in the photolytically dominated region on

the dayside and both contribute on the nightside.
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The photolysis rate is taken to be constant throughout the atmosphere as it is only the dominant
loss process in a thin region through the clouds. There is negligible absorption in the relevant
regions higher in the atmosphere, and S0, is optically thin (Section 3.7) because of its low
concentration, and so the expected effect on photolysis rate by depletion of the relevant
wavelengths of light through the atmosphere is negligible, thereby validating this choice of

photolysis treatment.

3.6.2.4 Sensitivity studies
For direct comparison to previous work which did not include reaction of the relevant S>0»

isomers with O and CI (Frandsen et al., 2016; Krasnopolsky, 2018; Pinto et al., 2021), the
sensitivity of the OSSO concentrations to these reactions was investigated. Although examination
of the PESs of the reactions of O and Cl with OSSO indicates no energy barriers with respect to
the reaction entrance channels, and hence the reactions were assigned nominal capture rate
coefficients (Table 3.7), a sensitivity analysis was performed by considering two test cases: 1)
decreasing the rate coefficients by a factor of 100 (“Sensitivity Test 1”°), and 2) removing the O
and Cl reactions as loss processes for S,0, (“Sensitivity Test 2°). In each case, the model was run
for 9.0 Venus days from the same initial conditions as the SO MIF run. All other rate coefficients
were the same. For Test 1, the peak OSSO concentrations increase by factors of 3.97 and 2.87 for
cis- and trans-OSSO, respectively. For Test 2, cis- and trans-OSSO increase by factors of 4.07
and 2.90 (Figure 3.17). The majority of the changes in OSSO concentrations occur above 80 km

where reaction with O is the dominant loss mechanism.
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Figure 3.17. Low-latitude (30°S — 30°N latitude) dayside (subsolar point + 70° longitude)
a) cis-OSSO and b) trans-OSSO concentrations for the standard chemistry scheme, Sensitivity

Test 1 and Sensitivity Test 2 (see text for details).

The most significant change in OSSO concentration is on the nightside above 90 km. In this
region, lack of photolytic production decreases the SO concentration, and therefore the S,0,
concentration, so any S»0» lost is replaced much more slowly. Decreasing the dominant loss

mechanism in this region therefore has a significant impact on the OSSO concentration.

3.7 SOCRATES results
The ability of the modelled S,O, concentrations to explain the observed UV absorption is

evaluated by comparison to the observations by MESSENGER/MASCS during its 2007 gravity
assist manoeuvre at Venus reported by Pérez-Hoyos et al. (2018). Concentrations of SO, and S,0»
produced by the PCM after 9.0 Venus days (standard SO MIF run, or Sensitivity Test 1 or 2, where
relevant) were sampled near local noon at low latitudes, the region observed by MASCS. The
concentrations were then used in SOCRATES to predict the TOA reflectance in the presence of
S20..

3.7.1 PCM-modelled S,0, concentrations
The TOA reflectances computed using SOCRATES are presented in Figure 3.18. The purple

dashed line is the reflectance calculated for the SO MIF PCM run. The deep absorption shortwards
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0f 320 nm is due to SO, which is significantly overestimated by the PCM, as addressed in Section

3.6.1. Higher absorption in the 320 — 400 nm range for the case with no absorber and a constructed
SO, profile in line with observations (light blue, solid line) compared to the PCM concentrations
is attributed to the higher SO, concentrations below the clouds in observations. The PCM-

modelled S,0, concentrations are clearly insufficient to reproduce the strength of the NUV

absorption observed by MESSENGER (grey crosses, Pérez-Hoyos et al. (2018)).
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Figure 3.18. SOCRATES modelled TOA reflectance for PCM concentrations of OSSO and

various scalings. See the text for interpretation of these scalings.
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The approximate scale of the deficit in S,O, was estimated by increasing the modelled
concentration profiles by different factors. An increase by three orders of magnitude (dark blue,
dotted line) in OSSO concentration is required to reach reflectance of 0.2 — 0.3 in the NUV.
However, there is poor agreement between the shape of the absorption spectrum and observations,
with the model producing a significantly narrower absorption region than observed. The shape
can be improved slightly by increasing the ratio of trans-OSSO to cis-OSSO by a factor of 2
(green, dash-dotted line). This produces a broader absorption feature, though it is not sufficiently
broadened to reproduce observations well, particularly from 400 — 500 nm. The cyclic-S20; is, in

all cases, scaled by the same factor as the cis-OSSO, and contributes negligibly to the observed

absorption (Figure 3.19).
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Figure 3.19. Contributions of each of the four absorbing species below 600 nm to the modelled
TOA absorption. To ensure contributions are visible, the scaled version which best reproduces
the absorption near 350 nm (cis-OSSO and cyclic-S;0; are scaled by a factor of 800,
trans-OSSO by a factor of 1600) is used.

The three forms of S>0» are produced in the ratio 54:40:6% cis-OSSO:trans-OSSO:cyclic-S;0,,
which becomes 57:34:9% after loss processes. The factor of two increase of trans-OSSO relative
to the other forms would bring the fractions to 43:51:6%. It must be emphasised that there is no
chemical justification for this increase in trans-OSSO over cis-OSSO, and the required increase
would make #rans-OSSO the dominant form of S,0,, which all previous works are agreed is not

the case.

3.7.2 Sensitivity study results
When the rate coefficients for the reaction of the S;0; isomers with O and Cl are decreased or set

to zero, there is an overall increase in the concentration of S,0;,. This increase is still insufficient
to explain the observed absorption, and concentrations are two orders of magnitude too low to
provide sufficient absorption, in agreement with Krasnopolsky (2018) and Pinto et al. (2021).
Specifically, for Tests 1 and 2, a 200-fold increase in cis-OSSO (and cyclic-S>0,) and a 600-fold

increase in trans-OSSO are required (Figure 3.20).

The standard model required an additional factor of two increase of trans-OSSO compared to cis-
OSSO (requiring 1600-fold and 800-fold increases, respectively). An additional factor of three
increase of trans-OSSO to cis-OSSO (600-fold compared to 200-fold) is required to produce the
required cis-OSSO to trans-OSSO ratio for the best fit to the shape of the absorber for the
sensitivity tests. When removal of S;0, by O and Cl is decreased or removed, the dominant loss

mechanism above the cloud becomes photolysis. 7rans-OSSO is the most readily photolysed of
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the three isomers (Table 3.7), while cyclic-S;0, is the most photochemically stable. The fraction
of trans-OSSO therefore decreases and cyclic-S»0; increases, producing a poor fit to the observed
spectral shape of the absorber unless the trans-OSSO concentration is increased artificially.
Inspection of Figure 3.20 shows that even in this best-case scenario (which is chemically
unsupported) the shape of the absorption spectrum exhibits poor agreement in the 400 — 500 nm

region.
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Figure 3.20. Required PCM S,0: scalings in each case of the sensitivity study to approximately
reproduce the TOA reflectance.

3.8 Conclusions
This chapter presents an updated sulphur chemistry treatment for the Venus PCM to create and

destroy three forms of S;0»: cis-OSSO, trans-OSSO, and cyclic-S,0,. The meteoric injection of
sulphur, which collides hyperthermally with the atmosphere to produce SO above 100 km, was
included in the model. The model was then allowed to run to steady-state, increasing the cloud-
level SO, significantly above observed levels, which in turn produced the highest SO and
therefore OSSO concentrations achievable. S>0, cannot provide the missing sulphur reservoir in

the cloud deck required to explain SO, observations.

The concentrations of S;0; produced by the model result in a 57:34:9% ratio of
cis-OSSO:trans-OSSO:cyclic-S;02 and have no observable effect on the TOA reflectance as
modelled by SOCRATES, a 1D multiple scattering radiative transfer programme. The dominant
loss mechanism of S;0; is found to be reaction with O above ~70 km, thermal decomposition
below 40 km, and photolysis (on the dayside) or reaction with O and Cl (on the nightside) from
40 — 70 km. Using this chemistry scheme, the OSSO concentrations are approximately 3 orders
of magnitude too low to explain the observed absorbance, and the spectral shape of the absorption

shows poor agreement with that of the unknown absorber. To improve the agreement of the
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spectral shape, a further factor of two increase in trans-OSSO concentration is required. If loss of
OSSO with O and ClI is discounted, the OSSO concentration increases, but is still two orders of
magnitude lower than required to explain the observed level of absorption, and provides poor

agreement with the observed spectral shape.

In light of these deficiencies, it is concluded that OSSO does not make a significant contribution

to the Venusian UV absorption.
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4. Laboratory studies of ferric chloride (FeCls)

In this chapter, laboratory experiments to measure the absorption spectrum of ferric chloride are
presented, along with the experiments performed to support the calculation of the spectrum and

the fitting programme developed to analyse the data.

4.1 Overview and justification

4.1.1 Introduction
The strongest evidence for FeCls as the unknown UV absorber comes from Zasova et al. (1981),

who reported that 1% FeCls; in mode 2 cloud droplets provided a good match to the observed
spectrum of Venus. However, they did not publish a spectrum of FeCls, only the predicted Bond
albedo (Figure 1.32). In the absence of an absorption spectrum of FeCls in sulphuric acid, recent
research has used a spectrum measured in ethyl acetate for comparison with the Venusian absorber
(Aoshima et al., 2013; Pérez-Hoyos et al., 2018). The FeCl; spectrum in ethyl acetate bears little
similarity to the reported Venusian absorption spectrum (Figure 4.1). Given that FeCl; can react
with ethyl acetate (Szafert et al., 1994), and the spectrum of ions is dependent on the solvent, the

validity of using this spectrum to model FeCl; in the Venusian atmosphere is in doubt.

Venusian UV absorber
(MASCS/MESSENGER)

—— FeCl; in ethyl acetate
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Figure 4.1. Normalised absorption spectrum measured by the MASCS instrument on
MESSENGER during its 2007 gravity assist manoeuvre (Pérez-Hoyos et al., 2018) and the
absorption spectrum of FeCls in ethyl acetate (Aoshima et al., 2013).

In this chapter, the reaction of FeCl; with sulphuric acid,

Fe,(S04)3
x FeCl; +y H,SO, = mHCl+n;{ FeSO; or Fe(S0,)3 (R4.1)
(Hs0,)Fe(S0,),.3H,0 or (H;0)Fe(S0,),

will be explored. Potential products shown in the brace include neutral species, ions, and minerals,
which are considered throughout this chapter (Sections 4.4 and 4.5) (note that H,O is not shown,
and the reactions are not balanced). The FeCls; absorption spectrum and refractive indices in

solution were measured and its molar absorptivity calculated for use in atmospheric modelling
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(Chapter 5). Initial experiments were carried out (Section 4.2) reproducing the concentrations
reported by Zasova et al. (1981), but the samples were too highly absorbing for standard UV-Vis
spectroscopy. Different methods for measuring the absorbance at lower concentrations were
tested and HCI added to low concentration solutions to measure the absorbance of the FeCls by

driving the equilibrium R4.1 to the left-hand side.

The measured absorbance spectra were found to change shape over time (Section 4.3). The
product of the reaction was identified as ferric sulphate and no further reaction was observed
(Sections 4.4 and 4.5). The absorptivities of ferric chloride and ferric sulphate were measured
(Section 4.6) and then used to determine the change in concentration and therefore the rate of the
reaction of FeCls with sulphuric acid (Section 4.7). The reaction was repeated at a range of
temperatures down to those relevant to the Venusian clouds and the change in rate measured
(Section 4.8). The measured rate had poor reproducibility. The spectra and concentrations

measured were then used in Chapter 5 to model FeCl; as the unknown UV absorber.

4.1.2 UV-Visible spectroscopy

UV-Visible spectroscopy was performed to measure the absorbance of FeCls. Spectra were
measured across the 200 — 600 nm range from longer wavelengths to shorter wavelengths using
an Agilent Cary 100 UV-Visible spectrophotometer. Samples were made up and stored in
volumetric flasks, then approximately 3.5 ml of the sample was pipetted into a 10 mm optical
pathlength quartz cuvette for spectroscopy. Sample spectra were measured relative to a deionised

water baseline.

4.1.3. Refractometry
The real components of the refractive indices of the solutions were measured using a Bellingham

and Stanley analogue refractometer. The spectrometer uses a white light source with a
compensator to measure the refractive index of the solution at 589 nm (sodium D-lines). The

solution was pressed between two prism faces and the refractive index measured.

4.2 Initial experiments

4.2.1 Reproducing literature FeCls concentrations
Attempting to replicate the findings of Zasova et al. (1981), a sample of 1 wt% FeCls in 75 wt%

sulphuric acid was prepared for UV-Vis spectroscopy. The resulting solution was bright yellow,
opaque, and rapidly saturated the detector when UV-Vis spectroscopy was attempted. Instead, the
real refractive index of the solution was measured over five weeks. Photographs of the solution
were taken to monitor the change in the colour of the solution over time. Figure 4.2 shows the
measured real refractive index (Figure 4.2a) and photographs of the solutions (Figures 4.2b — e
and f — 1) over time. UV-Vis spectroscopy of the supernatant was attempted after 16 and 65 days.
The detector became saturated at ~430 nm and ~370 nm respectively, and no peaks could be

identified in the spectra.
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Figure 4.2. a) Measured real refractive index of 1 wt% FeCls in 75wt% sulphuric acid.
Photographs of the solution over time b — e) before mixing, or f — i) after inverting to mix. The
solution becomes a paler yellow over time, but the supernatant remains yellow even after its
refractive index becomes consistent with H,SO4 on day 10. The volume of the sample decreases
as small portions are taken for spectroscopy over time. The volume of the precipitate increases

over time.

Krasnopolsky (2017) reported that the lifetime of FeCls in sulphuric acid was estimated by Zasova
et al. (1981) to be around a week at room temperature, before it formed “colourless™ ferric

sulphate. This estimate of lifetime does not in fact appear in the paper from Zasova et al. (1981),
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but as Prof. Krasnopolsky is a co-author on the paper, the lifetime may have been measured but
not published. The yellow colour observed in this experiment persists for significantly longer than
a week, with the supernatant remaining visibly yellow for over 5 weeks. The e-folding lifetime
may be on the order of a week, but without a reliable measure of the rate of the reaction, this

cannot be accurately established.

Immediately after 1% anhydrous FeCl; was added to the sulphuric acid, the mixture initially
contained both light and dark particles (Figure 4.3). By comparison to anhydrous and hydrated
ferric chloride powders (Figure 4.4), the dark particles are tentatively identified as unreacted
anhydrous FeCls, and the yellow particles as hydrated FeCls. In many cases (though not all) the
dark particles are larger than the lighter particles, which may indicate that only the surface of

particles has reacted with the aqueous sulphuric acid, becoming hydrated.

Figure 4.3. 1% FeCls in 75 wt% sulphuric acid shortly after the solution was made up. Black

and pale yellow arrows indicate some dark and light particles.
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Figure 4.4. FeCl;.6H,O (yellow, left) and anhydrous FeCls (black, right). The anhydrous form is
highly hygroscopic and absorbs ambient water from the air. This is apparent as the yellow

staining on the filter paper to the top right of the anhydrous sample.

Within a day, the particles settled to the bottom of the flask, and appeared to be pale yellow or
white (Figure 4.5). The presence of particles limits the robustness of conclusions that can be
drawn. The flask was inverted and the particles resuspended to produce an opaque sample (Figure
4.2f). The presence of particles makes concentration calculations unreliable, as the quantity of
particles in any sample taken cannot be assessed, and the concentration of the liquid will not be

the same as the whole solution. The precise composition of the particles is also unknown.
} \f\' il
a) 0 b)
@

Figure 4.5. 1% FeCls in 75 wt% sulphuric acid one day after mixing. a) The particles have settled

to the bottom of the flask, leaving a translucent liquid. b) Particles are pale, either yellow or white.

The high absorption which saturated the detector when UV-Vis measurements were attempted
means that lower iron concentrations must be used to draw quantitative conclusions about the
absorption spectrum. The real refractive index cannot be used to estimate the rate of the reaction
as the measured refractive index becomes consistent with pure sulphuric acid when the solution
still contains visible absorption from FeCls (Figure 4.2). In addition, the presence and increasing
volume of the precipitate meant that the concentration of iron in the solution could not be reliably

measured or controlled when the refractive index was measured. The absorption spectrum of the
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supernatant was measured on days 16 and 65, but the sample saturated the detector as at the
beginning of the experiment. The rate of reaction was therefore estimated from the absorbance

measurements at lower concentrations of FeCl; (Section 4.7).

When FeCls; concentrations were lowered sufficiently that the detector was not saturated,
measured spectra showed negligible absorption in the visible region, and were more consistent
with literature spectra of ferric sulphate (Saunders et al., 2012). The rapid reaction was assumed
to be caused, at least in part, by two factors: the higher temperature in the laboratory than in the
upper haze and clouds on Venus (170 — 260 K), and an excess of sulphate to chloride in the
samples. For all reported experiments, anhydrous FeCl; was used. The anhydrous and hydrated
forms have very different appearances (Figure 4.4) and therefore optical properties outside a

solution. Investigating the hydration behaviour is outside the scope of this study.

As iron can form complexes with either the chloride or the sulphate ions present in the solution,
the equilibrium between the iron chloride and iron sulphate will depend on the ratio of sulphate
to chloride available in the solution. When the concentration of FeCls; is decreased by three orders
of magnitude (to make UV-Vis spectroscopy feasible) but the H.SO4 concentration is kept the
same, the equilibrium position will shift dramatically towards the sulphate, resulting in the rapid

formation of the iron sulphate as was seen at the lower concentrations.

Three possibilities were investigated to decrease the rate of the reaction: decreasing the

temperature, decreasing the sulphate concentration, and increasing the chloride concentration.

4.2.2 Decreasing the temperature
10 ml of a solution of 80 wt% sulphuric acid was made up and left to stand in an ice bath to cool.

0.0073g of anhydrous FeCls was added to the solution at a temperature of 12.5 °C. The solution
was inverted repeatedly to mix, and removed from the ice bath. The FeCls did not dissolve in the
cold sulphuric acid and pipetting it into cuvettes was slow and difficult due to the viscosity of the
sulphuric acid at low temperatures. As the FeCl; did not dissolve, the concentration of FeCls in
the sample was not known, and the presence of particulates in a UV-Vis cuvette can introduce
scattering in the sample, which will introduce errors. It is interesting to note that while the
particles did not dissolve, they did change colour from black to a yellow consistent with hydrated

FeCl; (Figure 4.4), as seen at higher concentrations.

4.2.3 Decreasing the sulphate concentration
A 1 wt% solution of FeCl; in 75 wt% H,SO4 has a chloride to sulphate ratio, [C1]/[SO4*], of

0.024. To maintain the same chloride to sulphate ratio when the FeCl; concentration is decreased,
the sulphate concentration must be decreased proportionally. Figure 4.6 shows the measured
spectrum  of 1.44+0.12x10*M FeCl; in 1.70£0.14 x 10°M  sulphuric  acid
(2.3 £0.2 x 107 wt% FeCl; and 0.167 £ 0.014 wt% H,SO4), with [CI']/[SO4*] of 0.025(3). The

remainder of the solution is deionised water. Throughout this work, reported errors refer to the
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precision of instrumentation or variation between repeated measurements alone. Other sources of

errors are likely, such as from the purity of reagents, but cannot be reliably quantified.
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Figure 4.6. The average of four measured absorption spectra of 1.44 +0.12 x 10 M FeCl; in

1.70 £ 0.14 x 10> M sulphuric acid. Variation between repeats is within the thickness of the line.

The resulting spectrum has a different shape than the spectra obtained at higher sulphuric acid
concentrations (data not shown), with the peak near 300 nm much lower than the peak near
220 nm. The spectrum is consistent with either Fe(SO4)" or Fe(OH)*" (Saunders et al., 2012;
Whiteker & Davidson, 1953). The difference in shape due to the lower sulphate concentration

means this is not a suitable method for comparison to Venus.

4.2.3 Increasing the chloride concentration
As the sulphate concentration cannot be decreased, the alternative way to maintain the chloride

to sulphate ratio at lower FeCl; concentrations is to increase the chloride concentration. This

effectively moves the equilibrium shown in Reaction R1 towards FeCls.

Williams and Golden (1993) reported the predicted uptake of HCI into stratospheric sulphate
aerosol in the Earth’s Junge layer. By analogy, HCIl uptake onto sulphuric acid cloud droplets
would be expected on Venus. Using the Henry’s law constant for HCI in H>SOj4 reported by
Williams & Golden, HCI uptake into Venusian cloud droplets is estimated to produce 1 x 10 to
3 x 10* M HCI in the droplets for pure aqueous sulphuric acid (Figure 4.7). The inclusion of
FeCl; in the droplets would be expected to change this value. The HCI gas phase concentration
profile is taken from the longitude-averaged out-of-the-box Venus PCM results (Figure 2.11) at

low latitudes.
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Figure 4.7. Cloud droplet predicted HCI concentration using a PCM HCI mixing ratio profile
and Henry’s law coefficients reported by Williams and Golden (1993) at 60 wt% sulphuric acid
(orange) and extrapolated to 80 wt% (blue).

When the FeCl; concentration is decreased from 1 wt% to 2 x 10~ wt% in 75 wt% sulphuric acid,
the remaining chloride to retain a C1:SOy ratio of [C1]/[SO4*] = 0.024 can be provided by the
addition of approximately 0.7 wt% HCI. Figure 4.8 shows the absorption spectrum of
2.3+0.2x10*M FeCl; in a solution of 12.45 +0.02 M H,SO;4 and an initial concentration
0.2847+0.0007M HCl (23+02x10°wt% FeCls, 74.71+0.02wt% H,SOs; and
0.6356 + 0.0013 wt% HCI, with [CI']/[SO4]= 0.023(5)). HCI nucleated out of the solution

during preparation, so the true HCI concentration is unknown, but is lower than the amount added.
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Figure 4.8. The average of four measured absorption spectra of 2.3 £0.2 x 10*M FeCls in a
solution of <0.2847 + 0.0007 M HCl and 12.45 £ 0.02 M H,SOs. Variation was within the
thickness of the line.

The resulting spectrum bears strong similarity to those reported by Liu et al. (2006) for FeCl; in
a solution of HCI and LiCl, and the solution had a yellow colour by eye. The high concentration

of HCI used led to HCI evaporating out of solution after it was prepared, so the exact
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concentrations of HCI will need to be considered to both prevent the evaporation and to reproduce
the expected Venusian HCI droplet concentration (Figure 4.7) most accurately. The inclusion of
HCl to increase the chloride concentration in the solutions is the best available method — both for
performing the lab work, and in similarity to Venusian conditions — to measure the absorption

spectrum of ferric chloride in Venusian concentrations of sulphuric acid.

4.2.4. Proposed explanation for [Cl'] dependence
In the absence of any added HCI, all CI" in the solution must have been produced by the

dissociation of FeCls. When high concentrations of FeCls (such as proposed in Venusian cloud
droplets) are added, only a very small fraction would need to partially dissociate, forming FeCl,",
before the solution is saturated with respect to CI". The partial dissociation of some FeCls

“protects” most of it from rapid dissociation as the solution becomes saturated with respect to CI".

When lower concentrations of FeCls are added to the solution, the FeCl; must dissociate more
fully to produce CI' concentrations to saturate the solution and protect the undissociated or
partially undissociated iron chloride molecules or ions. When HCI is added to the solution, the

CI" from the HCI saturates the solution, preventing rapid dissociation of the FeCls.

4.2.5 Summary of experiments
Six stages of experiments were carried out, which are detailed in Sections 4.3 — 4.8. The change

in absorption with time was measured for mixtures of sulphuric acid and varying concentrations
of HCI and FeCls (Section 4.3); the absorption spectra of Fe>(SO4); and FeCls in H,SO4 were
measured and compared to identify the product of the reaction as ferric sulphate (Section 4.4); the
spectral dependence of the same concentration of Fe2(SQOs); in different concentrations of H,SO4
was measured over time to investigate if further reactions could occur (Section 4.5); the molar
absorptivity of FeCls in HCI and Fe>(SOs4); in HSO4 were measured (Section 4.6) for use in a
fitting program to estimate the sulphate and chloride partitioning in the mixtures and the rate of
the reaction (Section 4.7); and finally, the effect of temperature on the rate of the reaction for a

single concentration of FeCls, HCI and H,SO4 was measured (Section 4.8).

4.3 Change of absorption over time for FeCls in an HCI/H,SO4 mixture

4.3.1 Sample preparation
Two sets of samples were prepared and measured, the first starting in November 2023 (N23), the

second in August 2024 (A24). Each set contained 18 samples at three HCI concentrations and six
FeCls concentrations (five concentrations up to 5 x 10* M to avoid saturating the detector with
either initial ferric chloride or the final expected ferric sulphate concentration, and one sample
with no FeCl; in it). In the N23 set, samples were added by volume, but the pipette used was later
found to be unreliable. The masses of the samples were also recorded to check concentrations, so
calculations use the recorded masses, not the measured volumes. For the A24 set, the expected
masses of solutions were calculated beforehand and addition of the required quantities of different

solutions performed by mass. The concentrations of each of the samples are listed in Table 4.1.
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Table 4.1. Concentrations of H,SOs4, HCI, and FeCls in each sample.

H>SO4 concentration FeCl;
Set | Sample /M | wt% HCI/M /x10*M
0A 12.81(8) 76.5(5) 10.309(14) x 10? -
0B 12.85(8) 76.5(5) 9.452(9) x 107 0.863(14)
0C 12.84(8) 76.5(5) 9.334(9) x 107 1.72(3)
0D 12.87(8) 76.6(5) 9.158(9) x 107 2.49(4)
OE 12.76(8) 76.5(5) 7.99(8) x 10~ 2.85(5)
OF 12.90(8) 76.6(5) 9.177(13) x 107 4.18(7)
1A 12.92(8) 76.6(5) 10.297(16) x 10 -
1B 12.91(8) 76.7(5) 10.250(11) x 107 1.43(2)
1C 12.88(9) 76.7(5) 9.2(3)x 1073 1.77(7)
N3 1D 12.91(8) 76.7(5) 10.065(11) x 107 2.97(5)
1E 12.80(8) 76.9(5) 7.922(10) x 107 2.79(5)
IF 12.87(8) 76.6(5) 10.351(16) x 10 4.63(8)
2A 12.93(12) 77.0(9) 9.49(16) x 10 -
2B 13.02(8) 76.7(5) 9.96(12) x 10 1.33(2)
2C 13.07(8) 76.5(5) 10.26(12) x 10" 2.12(3)
2D 12.94(8) 76.6(5) 10.94(13) x 10 3.28(5)
2E 12.99(8) 76.8(5) 8.60(11) x 10™* 3.10(5)
2F 13.10(8) 77.1(5) 9.67(16) x 10™* 4.31(7)
0A 13.37(2) | 78.138(17) | 9.56(13) x 107 -
0B 13.26(2) 78.12(2) 9.43(11) x 107 0.918(10)
0C 13.36(2) 78.17(2) 9.52(9) x 107 1.92(2)
0D 13.40(2) 78.12(2) 9.62(10) x 107 2.88(3)
0E 13.342) | 78.161(19) | 9.28(11) x 107 3.71(3)
OF 13.482) | 78.176(18) | 9.37(13) x 107 4.65(5)
1A 13.25(2) 78.11(2) 9.52(13) x 107 -
1B 13.42(2) 78.218(19) | 9.57(11)x 107 0.945(10)
A2 1C 13.27(2) 78.049(18) | 9.62(10) x 107 1.86(2)
1D 13.36(2) 78.184(15) |  9.37(9)x 107 2.73(3)
1E 13.36(2) 78.145(18) | 9.68(11)x 107 3.78(4)
1F 13.31(2) 77.976(16) | 10.31(14) x 107 5.02(5)
2A 13.26(2) 78.080(19) | 9.59(13) x 10™ -
2B 13.31(2) 78.163(18) | 9.58(11) x 10™* 0.955(11)
2C 13.24(2) 77.939(19) | 9.83(10)x 10™ 1.90(2)
2D 13.31(2) 78.080(18) | 9.62(10) x 10™ 2.82(3)
2E 13.42(2) 78.16(2) 10.22(12) x 10* 4.06(4)
2F 13.17(2) 78.07(2) 9.81(13) x 10™ 4.79(5)
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4.3.2 Change in spectral shape over time
A clear change in shape can be seen in high HCI concentration (batch 0) spectra: the initial

spectrum is similar to Figure 4.8, with three distinct peaks at 241, 313 and 361 nm. Over time,
the shape changes to become more consistent with literature spectra of ferric sulphate. Figure 4.9

shows samples 0C from the N23 and A24 sets with all spectra.

N23 0C
1.8
a) —— Day0 —— Day18
1.6 7 —— Dayl — Day2l
1.4 - — Day 23
— Day 30
Y 1.2+ —— Day 60
% 1.0 - —— Day 73
Jg —— Day 81
@ 0.8 7 —— Day 99
<
0.6 -
0.4
0.2 -
0.0 T T T T
200 250 300 500 550 600
L8 A24 0C
b) —— Day 22
1.6 7 —— Day 31
1.4 - — Day 44
— Day 52
0 127 —— Day 76
1.0 Day 114
2
2 0.8
0
<C
0.6 -
0.4 4
0.2
0.0

200 250 300 350 400 450 500 550 600
Wavelength / nm

Figure 4.9. Change in the measured absorbance spectrum of sample OC from both sets of

samples with time. The reader is referred to Table 4.1 (page 164) for concentrations.

The change in shape of all samples over time are shown in Figures 4.10 (set N23) and 4.11 (A24).
In some cases, subsequent spectra exhibited only small changes. Representative spectra over time
are therefore shown for clarity. Spectra at low concentrations of HCl are broadly consistent with

ferric sulphate for the whole experiment.
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Figure 4.10. Spectra over time for all samples in set N23. HCI concentration decreases from top to bottom, initial FeCls; concentration roughly increases from left to

right. The reader is referred to Table 4.1 (page 164) for interpretation of concentrations.
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Figure 4.11. Spectra over time for all samples in set A24. HCI concentration decreases from top to bottom, initial FeCls concentration increases from left to right.
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There is a clear difference in reaction rate between the N23 and A24 sets, which is unexpected
due to the similarity in concentrations and conditions. The rates in each case are calculated in
Section 4.7. The N23 sample set was prepared and measured on the same day. The absorbance
measured immediately after preparation (Day 0) was significantly lower than on subsequent days
(Figure 4.9a), which may indicate that the FeCls; had not fully dissolved when the first spectra
were measured. The samples for the A24 sample set were therefore prepared the night before the

first spectra (Day 0) were measured, and do not exhibit the same low initial absorbance.

As the reaction happens rapidly at low concentrations of HCl, it is likely that the initial spectra at
high concentrations contain some small amount of ferric sulphate as well. To confirm the
hypothesis that the change in shape of over time is due to the reaction of the ferric chloride to
form ferric sulphate, additional investigations were carried out to identify the species present
(Sections 4.4 and 4.5). Spectra of ferric chloride in HCI and ferric sulphate in sulphuric acid
(Section 4.6) were measured and a fitting programme developed (Section 4.7) to estimate the

concentrations of ferric chloride and ferric sulphate in the solutions at all times.

4.4. |dentification of the reaction product as ferric sulphate
Samples of iron salts and sulphuric acid were made up, one with Fe(III) chloride (FeCls) and one

with Fe(IIl) sulphate (Fex(SO4);.5H>0). Shapes of spectra were compared to confirm the end

product seen in Section 4.3 is ferric sulphate.

4.4.1 Method
For each of FeCl; and Fex(SOs);, six 25.00 £ 0.04 ml stock solutions of sulphuric acid were

prepared at a range of concentrations from 10 — 89 wt% as listed in Tables 4.2 and 4.3 respectively.
To produce the samples, FeCls was initially added to concentrated (98 wt%) sulphuric acid to
produce a stock iron solution, but it did not dissolve and a lower concentration of sulphuric acid
was therefore used instead. Samples were produced by adding a small amount of iron stock
solution to 10.00 £ 0.05 ml volumetric flasks, made up with the stock acids. For each of the
sulphate and chloride samples, a spectrum of the stock sulphuric acid was measured for baseline
removal, then the undiluted sample was measured. Approximately 3.5 ml of sample was removed
from the volumetric flask (the exact mass removed was measured) and the volumetric flask made
back up to 10.00 + 0.05 ml with the corresponding stock sulphuric acid resulting in a decrease of
the iron concentration while maintaining the sulphuric acid concentration. The concentrations of
FeCl; solutions after each dilution are listed in Table 4.2, concentrations of Fe>(SO4); are listed in

Table 4.3.
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Table 4.2. Resulting concentrations of FeCls in different concentrations of sulphuric acid.

H,SO; concentration FeCl; / x 10 M* (Dilution number)
Sample /M / wt% 0 1 2 3 4
A | 18.020)] 88917010 | 7.165) | 58@) | 473) | 393) | 3.102)

15.81(8) | 79.796(10) | 6.9¢5) | 5.5(4) 4.5(3) 3.602) 2.902)
12.88(6) | 67.43109) | 72(5) | 5.9(4) 4.8(3) 3.903) 3202)
9.36(5) | 51.084(8) | 7.7(5) | 6.5(4) 5.4(4) 45(3) 3.7(2)
5.733) | 31.676(7) | 725) | 6.14) 5.13) 43(3) 3.602)
F | 33602) | 15.6105) | 735) | 6.2(4) 5.3(3) 45(3) 3.8(2)

m O O

*Undiluted samples (dilution number 0) saturated the detector and are not used.

Table 4.3. Resulting concentrations of Fe>(SOs); in different concentrations of sulphuric acid.

H>SO4 concentration Fe/x 10*M * (Dilution number)
Sample /M / wt% 0 1 2 3 4
A | 182509 | 89.505(11) | 48() | 3.9(4) | 3.13) | 263) | 212
15.83(8) | 79.695(10) | 4.8(5) | 40@) | 323) | 263) | 212
12.90(7) | 67.53209) | 5.05) | 414 | 343) | 283) | 23Q)
9.83(5) | 52.0718) | 5.05) | 41() | 343) | 293) | 24Q)
5.633) | 31.874(7) | 48(G) | 40@4) | 343) | 293) | 24Q2)
F | 3502) | 17.026(6) | 48(5) | 414 | 3503) | 3.03) | 2502)

m O QW

*One mole of Fey(SO4); contains two moles of Fe. Fe concentration is calculated for direct

comparison with FeCls.

4.4.2 Molar absorptivity comparison
For each sample, the spectrum of the corresponding stock acid was subtracted from all of the iron

spectra. The Beer-Lambert law relates the concentration, ¢, of an absorbing species to its
measured absorption, 4:

A= ecl 4.1
where the beam path, [ = 1 cm and ¢is the molar absorptivity of the absorbing species. The molar
absorptivity is a measure of the strength of absorption of a species in solution. It has units of
L mol' cm™ (or M em™) and is related to the cross-section (o, in cm® molecule™) of the molecule

the traditional gas phase measure of absorption strength) by 6 = 3.82 x 102! £ (Lakowicz, 2006).
gasp p g Y

The linearity of the absorption with iron concentration was checked at several wavelengths and
spectra discounted if they did not obey linearity. All undiluted FeCls spectra were neglected for
this reason. Figure 4.12 shows the measured spectra relative to the stock acid and linearity at
certain wavelengths for sample C (12.9 M, 67 wt% H>SOs) for both FeCls (left) and Fex(SO4)3
(right) samples.
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Figure 4.12. Measured spectra relative to stock acids for a) FeCls and b) Fe2(SO4)s. The Fe
concentration in the samples is plotted against absorbance at several wavelengths (c, d) and any
concentrations that do not obey a linear relationship are shown as crosses and excluded from the

calculation of absorptivity. Linear regression lines are fitted through the solid points.

All undiluted FeCl; samples (~7 x 10* M) show noise in the measured spectra (Figure 4.12a),
indicative of saturated absorption, and the datapoints at that 7.2 x 10 M at all wavelengths clearly
deviate from linearity (Figure 4.12¢). Spectra of the undiluted FeCls samples (shown as crosses,
rather than points) are not included in the linear best fit. Samples at all other concentrations obey
linearity to within the uncertainty of the concentration. The FeCl; sample lines of best fit do not
pass through the origin, which may indicate the presence of a second species, likely a small

amount of unreacted FeCls.

Orthogonal distance regression using the built-in scientific python (SciPy) module (scipy.odr)
was used to fit the data to the Beer-Lambert law (Equation 4.1) and calculate the molar
absorptivity of iron for each sample. Figure 4.13 shows the calculated molar absorptivity for all

12 sets of samples.
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Figure 4.13. Calculated molar absorptivity of Fe for FeCl; (yellow) and Fe,(SOa)s (blue).

Samples at similar sulphuric acid concentrations are plotted together for comparison.

At low H>SOj4 concentrations, the spectra show good agreement. The spectra are mostly within
uncertainty of each other, and only small differences are present. For example, in Figures 4.13d
and e, there is lower absorptivity for FeCl; in the peak near 300 nm, but similar absorptivity in
the peak near 225 nm. This may indicate the continued presence of small amounts of unreacted
FeCls. The higher absorption in the tail near 400 nm appears to support this, as this is the region
assumed to be dominated by FeCl; by comparison with Figures 4.9 — 4.11. The differences
between the spectra are much greater at high HoSO4 concentration. The FeCly and Fex(SOs);
spectra have very similar shapes to each other, but the actual absorptivity values vary between the
two (Figures 4.13a and b), suggesting that the same species are present, but there is a systematic
error in the concentrations. It is possible that the dissolution of the iron salts at higher
concentrations was much slower due to the lower concentration of water in the solutions, and the
reported uncertainties in the concentrations shown are a significant underestimate due to lower

concentrations of iron than the bulk value in some samples.
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There is a change in shape of the sulphate spectra with H,SO4 concentration as well, with the ratio
between the two peaks changing and the location in wavelength of the second peak shifting from
300 nm to 290 nm with increasing H.SO4 concentration (see Figure 4.15). This highlights the
importance of using spectra measured at the correct sulphuric acid concentration for comparison

between spectra, especially when using spectra to identify species.

4.5 Investigation of further reaction of ferric sulphate
Jiang et al. (2024) reported the formation of rhomboclase, (HsO)Fe(SOa4)..3H,0, and acid ferric

sulphate, (H3;0)Fe(SOs), from iron in sulphuric acid. 21 samples of ~2.2 x 10* M Fex(SO4); in
varying concentrations of H,SO4 were tested over four months to see if any further reaction should

be considered, or if ferric sulphate was the final product in the samples measured in Section 4.3.

4.5.1 Sample preparation
~0.05g of Fe2(SO4); was made up to 25.00 + 0.04 ml in a volumetric flask with 90 wt% H>SOs4 to

produce a sulphate stock solution. For H,SO4 concentrations of 72 — 98 wt% (10 — 60 wt%), ~2.1g
(~0.84g) of sulphate stock solution was added to 25.00 + 0.04 ml (10.00 + 0.05 ml) volumetric
flasks and made up with deionised water and sulphuric acid to the required concentrations.

Samples were allowed to stand overnight to equilibrate to room temperature, and made up with

additional sulphuric acid if required. The concentrations of the samples are listed in Table 4.4.

Table 4.4. Concentrations of Fe»(SO4); and H.SOj4 in each sample.

H>SO4 concentration Fey(SOy4)s /

Sample name / wt% /M x 10* M Fe/x 10*M
15 % 14.66(2) 1.653(9) 2.22(6) 4.44(11)
24 % 23.78(2) 2.809(14) 2.16(5) 4.33(11)
35% 35.321(19) 4.54(2) 2.24(6) 4.48(11)
45 % 44.745(18) 6.10(3) 2.27(6) 4.53(11)
54 % 54.113(17) 7.85(4) 2.24(6) 4.47(11)
63 % 63.289(16) 9.80(5) 2.22(6) 4.43(11)
72 % 72.033(6) 11.844(19) 2.22(5) 4.44(11)
74 % 74.181(6) 12.36(2) 2.24(5) 4.48(11)
76 % 76.073(6) 12.90(2) 2.25(5) 4.50(11)
78 % 77.882(6) 13.35(2) 2.19(5) 4.39(11)
80 % 79.474(6) 13.68(2) 2.29(6) 4.58(11)
81 % 81.285(6) 14.16(2) 2.25(6) 4.50(11)
83 % 83.228(6) 14.79(2) 2.26(6) 4.52(11)
85 % 84.997(6) 15.26(2) 2.24(5) 4.47(11)
87 % 86.804(6) 15.73(3) 2.25(5) 4.49(11)
89 % 88.612(6) 16.21(3) 2.27(6) 4.53(11)
90 % 90.433(6) 16.71(3) 2.25(6) 4.51(11)
92 % 92.305(6) 17.18(3) 2.22(5) 4.44(11)
94 % 94.189(6) 17.61(3) 2.24(5) 4.48(11)
96 % 96.060(6) 18.03(3) 2.27(6) 4.53(11)
98 % 97.633(6) 18.29(3) 2.22(5) 4.44(11)
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4.5.2 Change in spectral shape over time
Spectra were measured periodically for 118 days after the solutions were produced. A selection

of spectra over time at various H,SO4 concentrations are shown in Figure 4.14.
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Figure 4.14. Measured absorption spectra at different H>SO4 concentrations over time. The

reader is referred to Table 4.4 (page 172) for precise concentrations.

Subtle changes in the spectra can be seen over time. At low concentrations, there is a slight
increase in absorbance with time near 220 nm (Figure 4.14a, b). Higher concentrations show a
slight decrease in peak absorbance at long times (Figure 44d, e), which may indicate the sulphate
salt has come out of solution and the inversion of the samples was unable to re-dissolve it. There
is no indication of the formation of other phases reported by Jiang et al. (2024), who found
absorption by acid ferric sulphate and rhomboclase in the 300 — 500 nm wavelength region. There
is some increase in absorption at 400 — 500 nm at high concentrations, but it is less than the

variation seen at the peaks of the absorption over the same time period, so may be due to variation
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in samples, not the formation of a new species. If it is absorption due to the formation of other
species, it is broadly negligible compared to the strong absorption exhibited by the ferric sulphate

ions.

4.5.3 Dependence of spectral shape on sulphate concentration
Figure 4.15 shows the average spectrum of each sample over time. A broad trend can be seen for

increasing absorption near 300 nm with increasing H.SO4 concentration, and a gradual shift in
the wavelength of this second absorption peak from 300 nm to 290 nm. Two exceptions to this
trend exist: the lowest concentrations exhibit a sharp increase towards 200 nm, and from
45 — 63 wt%, the height of the second peak decreases slightly and exhibits a larger shift towards
shorter wavelengths. The height of the first peak remains more consistent throughout and appears

to correlate to the concentration of iron, not of sulphuric acid.
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Figure 4.15. Average absorbance spectrum over time for each sample.

While the general term “ferric sulphate” is used, there are four potential ion complexes to
consider, listed by Saunders et al. (2012) for a similar system: Fe**, Fe(OH)*", FeSO,", and
Fe(SO4):". At high sulphuric acid concentrations, they identified the two peaks at 220 nm and
290 nm as Fe’" and Fe(SOu),, respectively. Another iron ion complex, potentially Fe(OH)>",
which Saunders et al. reported dominating at low acidity, is assumed to be the cause of the high
absorption at 200 nm at 15 and 24 wt% H>SO4. As it disappears well before representative

Venusian concentrations, no further attempt is made to identify this species.
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The second peak, which moves from ~300 nm at low sulphuric acid concentration to ~290 nm at
high concentrations, is therefore assumed to be a superposition of FeSOs" (which has an
absorptivity maximum of ~2200 L mol” cm™ at 300 nm) at low concentrations and Fe(SO4),"
(maximum of ~3000 L mol"' cm™ at 289 nm) at higher concentrations (Saunders et al., 2012;
Whiteker & Davidson, 1953). The conversion of the iron from the FeSO4" to Fe(SO4),” complex
ions fits the pattern of increasing absorption strength and the shift of the wavelength maximum
of the second peak. However, the change in height of the second peak is not linearly correlated
with sulphuric acid concentration, nor does the ratio of the peaks correspond to any simple

relationship with sulphuric acid concentration.

Using a simplified model of two Gaussian curves to model the absorption peaks of FeSO4" and
Fe(S0s)," (each is arbitrarily assigned a full width at half maximum of 70 nm) and assuming the
concentration of FeSO4" is proportional to the sulphuric acid concentration and Fe(SO4),” has a
squared relationship, the increase, decrease, and increase again in absorption seen from
35 — 63 wt% sulphuric acid can be reproduced qualitatively, as shown in Figure 4.16. The
concentrations used in Figure 4.16 are not representative of the true concentrations, they are
merely illustrative. The sum of the two sulphate ions is not constant, any excess is assumed to be

Fe’*, which is not modelled.

35 wt% H,50,4 54 wt% H,S504
0.5 1 — Total —— Total
——- FeS0;*: 1.6x107* M ——- FeS0;*:2.4x107> M
""" Fe{S04); ~: 0 M s Fe(S04); 71 1.2x1074 M
0.4 1
...... 45 wt% H5504 63 wt% H,S0,
g Total — Total
g 0.3 FeSO,*:1.8x1074 M —=- FeSOs*:0M
£ Fe(S04);™: 9.1X1075 M oo Fe(S04);: 1.8x1074 M
2
< 0.2
0.1
0.0 P Rt T

260 280 300 320 340 360 380 400
Wavelength / nm
Figure 4.16. A model to show qualitatively how the observed change in shape of the spectrum
in Figure 4.15 can be produced with two absorbing species. Dashed lines are the absorption due

to the FeSO4" analogue, dotted lines are due to the Fe(SO4),™ analogue, solid lines are the sum.

This investigation again demonstrates the importance of using sulphuric acid concentrations as
close to Venusian conditions as possible to produce applicable models of the produced spectra.
Note that there is no indication in any of the measured spectra of the formation of mineral species

that were reported previously (Jiang et al., 2024).
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4.6 Molar absorptivity measurements of iron chlorides and sulphates
To estimate the concentration of ferric sulphate and ferric chloride ions in the FeCls/HCI/H,SO4

samples detailed in Section 4.3, spectra of pure ferric sulphate and pure ferric chloride were

measured at different concentrations to calculate the molar absorptivity of each species.

4.6.1 Sample preparation
Five concentrations of hydrochloric and sulphuric acid were mixed with ~1 x 10* M FeCl; and

~6 x 10 M Fe(SOs)s, respectively. The samples were measured and diluted repeatedly with acid
of the same concentration, as described in Section 4.4, to produce a variety of spectra, and the
molar absorptivity of the ions calculated using the Beer-Lambert law (Equation 4.1). Only
sulphuric acid concentrations near the concentrations used in Section 4.3 are considered, with a
small step size to match the shape of the spectrum when fitting is performed (Section 4.7) most
accurately. The concentrations of the chloride samples are presented in Table 4.5, and the sulphate

sample concentrations in Table 4.6.

Table 4.5. Resulting concentrations of FeCls in different concentrations of hydrochloric acid.

HCI concentration FeCl; / x 10° M (Dilution number)
Sample /M 0 1 2 3 4
A 12.20(6) 10.7(1.0) | 7.06) | 46() | 3.00) 1902)
B 10.44(5) 107(1.0) | 7.16) | 473 | 3.103) | 2.04(13)
C 8.96(4) 128(1.1) | 858) | 5505) | 373) | 24Q2)
D 6.093) 143(13) | 9.609) | 64(6) | 42@) | 2702
E 4152 11.6(1.0) | 78(7) | 3526) | 343) | 220
F 1.543(3) 13.0(12) | 9.08) | 61(5) | 414 | 2803)

Table 4.6. Resulting concentrations of Fe>(SOs)s in different concentrations of sulphuric acid.

H>SO4 concentration Fe/x 10 M * (Dilution number)

Sample /M / wt% 0 1 2 3 4 5
73 12.14(6) | 73.095(12) | 3.4(3) | 2.25(18) | 1.57(13) | 1.10(9) | 0.76(6) | 0.55(4)
75 12.54(6) | 75.005(15) | 3.4(3) | 2.38(19) | 1.67(14) | 1.19(10) | 0.81(7) | 0.56(5)
77 13.11(7) | 76.824(12) | 3.4(3) | 2.31(19) | 1.67(14) | 1.17(10) | 0.80(7) | 0.55(5)
79 13.51(7) | 78.625(13) | 3.3(3) | 2.37(19) | 1.71(14) | 1.23(10) | 0.86(7) | 0.58(5)
80 14.07(7) | 80.327(12) | 3.4(3) | 2.28(18) | 1.56(13) | 1.08(9) | 0.75(6) | 0.54(4)

4.6.2 Ferric chloride spectra

4.6.2.1 Measured spectra
All measured chloride spectra are presented in Figure 4.17. There is a clear change in shape with

HCI concentration, from three peaks with a similar shape to that in Figure 4.8 at high
concentrations, to spectra with a single peak at ~350 nm and high absorption towards 200 nm

seen at lower HCI concentrations. The high absorption at 200 nm in all cases is due to the HCI,
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which became background-noise limited at all concentrations. Absorption peaks in stock acids B
and C at 265 nm are due to the presence of acetone, which was used to dry the stock acid
volumetric flasks and then left to evaporate. In these two cases, small amounts have not fully
evaporated. As the contamination was in the stock acids, and therefore in all of the samples, it

was removed by the subtraction of the stock acid spectrum from the samples (Figure 4.18).

1.04)3) Sample A 1.04|b Sample B
—— Stock acid
0 987 0.8 7 —— Undiluted
g Dilution 1
3061 061 —— Dilution 2
S — Dilution 3
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0.0 T T T 0.0 T T S—

200 300 400 500 600 200 300 400 500 600
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T 0.6 0.6
-
(o]
3 0.4 0.4 -
g0 .
0.2 - K 0.2 4 L
OO T T T 00 T T T

200 300 400 500 600 200 300 400 500 600
1.04]® Sample E .04 P Sample F
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Figure 4.17. All measured spectra of FeCls in HCL. For concentrations of samples and dilutions,

the reader is referred to Table 4.5 (page 176).

4.6.2.2 Molar absorptivity

Figure 4.18 shows, for each of the six chloride samples, the absorbance spectra with the acid
spectrum removed (Figure 4.18, columns 1 and 3) and linearity confirmation for each sample

(columns 2 and 4).
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Figure 4.18. 1* and 3™ columns: measured absorbance spectra with stock acid spectrum removed. 2°® and 4™ columns: concentration against absorbance for each

sample, with a linear regression line fitted through the points. FeCl; concentrations of samples are as shown in Table 4.5 (page 176).
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The sharp spikes occurring in the samples below 210 nm are due to incomplete removal of the
HCI spectrum. This occurs because the strong absorption exceeded the detector’s range,
producing a large, noisy signal. It is therefore not exactly the same shape and height in the stock
acid and sample spectra, and so artefacts remain when it is removed. These features are not iron

concentration-dependent and so are mostly removed when the molar absorptivity is calculated.

With the exception of sample B (10.44 M HCI, see Table 4.5, page 176 for all concentrations) all
samples obey linearity to within the experimental uncertainty in their concentrations. The
calculated molar absorptivities are presented in Figure 4.19. Sample B is very similar to sample
A, but with small differences, especially above 400 nm and below 300 nm. It is likely that the
other samples contain mostly one complex ion, while sample B may contain comparable
contributions from two with different absorptivities, producing agreement with sample A in some
regions but not others. The findings by Liu et al. (2006) support this hypothesis: At 25 °C, the
closest reported temperature to the room temperature (~20 °C) used in this study, Liu et al.
estimated the ratio of complex ions FeCl,", FeCl; (aq) and FeCls™ at the concentration of sample
B (~10.4 M) to be 10:50:39%; Their calculated absorptivity of the FeCls ion is stronger than that

of FeCls except below 250 nm and above 400 nm, the regions where samples A and B differ.

—— 12.20 M HCI
8x103 | 10.44 M HCI
8.96 M HCI
7x103 4 6.09 M HCI
—— 4.15 M HCl
T 6x10%- —— 1.54 M HCl
-
o
= 5%x103 1
|
E A\ N
X \
= 4x10 \/
~—
& 3x103 -
w
2x103 -
1x103 -
0 T T T T T T
200 250 300 350 400 450 500 550 600

Wavelength / nm
Figure 4.19. Calculated absorptivities of FeCl; in different concentrations of HCI. Shaded areas
indicate the uncertainties in the absorptivity from the fitting process. The large uncertainty in the

10.44 M sample is due to non-linearity of absorbance with concentration (see Figure 4.18d).

The noisy regions near 200 nm are the effect of the artefacts arising from the HCI removal. These

are not expected to bias the fitting as they will not correlate with any features of the
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FeCl3y/HCI/H>SO4 spectra they will be used to fit. In addition, an HCI spectrum is included in the
fitting to help counteract the higher absorption from the artefacts.

4.6.2.3 Interpretation
The shapes of the chloride absorptivity spectra vary significantly with HCI concentration. The

general trends are similar to those reported by Liu et al. (2006), who measured UV-Vis spectra of
FeCls in ultra-saline solutions of HCI and LiCl. They identified five absorbing iron and iron
chloride ion complexes (which they identify as Fe**, FeCl*", FeCl,", FeCls (aq), and FeCls) by
principal component and “model-free” analysis and reported that the variety in shape with
chloride concentration (HCI concentration in this case) is due to the dominance of different

complexes at different chloride concentrations.

Liu et al. (2006) found the change in dominance of each complex ion with total chloride
concentration and the shapes of the absorption spectra for each component to be temperature
dependent, so this experiment would not be expected to agree exactly with their results.
Nevertheless, there is a qualitative similarity in the change in shape, from a single peak above

300 nm at low chloride concentration (FeC1**

), becoming broader and stronger with increasing
chloride concentration (FeCl,"), followed by the formation of two separate peaks (FeCls), which
then develop a more pronounced minimum and overall higher absorbance (FeClys') at the highest

chloride concentrations.

Principal component analysis of the measured spectra was unable to separate the species as Liu
et al. (2006) did, and linear combinations of the spectra reported by Liu et al. could approximate
the measured spectra, but not fully reproduce them. This is assumed to be due to the temperature
dependence of the exact shapes of the absorption spectra. Instead, all measured spectra were used
in the fitting programme (Section 4.7). By selecting combinations of the measured spectra, a
broader range of complex ion ratios can be modelled. This is not exact, as not all ratios of ions
are achievable with this method, but it is expected to provide a reasonable approximation of the
concentration of iron chlorides, though individual iron chloride complex ion concentrations are

not quantitatively reliable.

4.6.3 Fe5(S04)s + H,S0,

4.6.3.1 Measured spectra
All measured sulphate spectra relative to the stock acids are presented in Figure 4.20. All spectra

are broadly similar, but there is a change in the height and location of the second peak with

sulphuric acid concentration, as seen in Figure 4.15.

4.6.3.2 Molar absorptivity
Figure 4.20 also shows linearity tests of the sulphate samples. Figure 4.21 shows the calculated

absorption spectra of the five different samples.
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Figure 4.20. All spectra with stock H>SO4 spectra removed. The absorbances of samples at

points.

Fe concentration / x 1074 M

particular wavelengths are plotted in the right-hand column, with a linear regression fitted to the
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Figure 4.21. Calculated molar absorptivities of Fe,(SO4)s in different concentrations of H,SOs.
Shaded regions show uncertainties. Inset: absorptivity at given wavelengths against sulphuric

acid concentration.

Overall, the trend with sulphuric acid concentration is consistent with Figure 4.15. The inset in
Figure 4.21 shows that there is a non-linear increase in absorptivity with sulphuric acid
concentration. A change in shape is also evident as absorption at 300 nm is higher than at 250 nm
at 73.1 wt%, comparable at 75.0 wt%, and lower than at 250 nm above this. This is due to
displacement of the second peak to shorter wavelengths with increasing sulphuric acid

concentration.

The spectra closest to the sulphuric acid concentration in the N23 and A24 sample sets of

FeCly/HCI/H>SO4 were used for the fitting.

4.7 Concentration calculations using non-linear fitting

4.7.1 The fitting routine
The measured molar absorptivities of the six FeCls/HCl samples, the absorptivity of the

Fex(S04)3/H2SO4 sample closest in concentration to the FeCls/HCI/H.SO4 samples (76.8 wt% for
the N23 sample set and 78.6 wt% for the A24 sample set), and average samples of H>SO4 and
HCI (and a baseline correction if required) were fitted to the FeCls/HCI/H,SO4 sample absorption.

The Beer-Lambert law for multiple absorbing species is written:

AQ) = Z &)l 4.2)

4
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where i are the absorbing species and (1) indicates variables that are a function of wavelength.
The fitting programme therefore fitted with 1 nm resolution from 200 — 600 nm to a function of

the form

y(A) = b+ Z ciyi(d) (4.3)

where c; are the fitting parameters and y;(1) are the functions being fitted: the average
absorbances of HCI, and H,SO4, molar absorptivities of the Fe sulphate (Figure 4.21) and chloride
species (Figure 4.19), and b is a wavelength-independent baseline. The fitting parameters c; were
constrained to be strictly positive with two exceptions: the baseline and HCI concentration were
constrained to be strictly negative. The baseline takes a negative value to allow for zero values
where necessary (as all spectra y; (1) and fitting parameters c; are positive, except HCI). The HCI
is strictly negative to offset the HCI contribution that could not be fully removed in the chloride

reference spectra (Figure 4.19).

When the functions are the absorptivities of each species (multiplied by a path length of 1 cm),
the fitting parameters are their concentrations in the mixture. Uncertainties were calculated using
python’s non-linear least squares minimization (“Imfit”) module. The change in concentration
over time was used to estimate the rate of the reaction, which is affected by the concentration of

HClI in the solutions.

As there are 306 spectra in total measured for the N23 batch and 234 for A24, only a small number

of representative fitted spectra are presented in Figure 4.22.
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Figure 4.22. Example fitting programme results. The measured spectrum (grey line) is fitted by
least squared minimisation to produce a total spectrum (black, dashed line). Components fitted
to the spectrum with concentrations of >10®* M are plotted (different colours) with uncertainties
from the fitting programme (shaded regions). The reader is referred to Table 4.5 (page 176) for
interpretation of the Cl spectrum names. The SO, spectrum is the Fe»(SO4); spectrum at the
closest available H,SO4 concentration (Samples 77 and 79 for N23 and A24 samples
respectively, see Table 4.6, page 176).

The agreement of the fitted spectrum with the measured spectrum is generally very satisfactory,
although somewhat less so when the spectrum is dominated by chlorides (see, for example, the
~240 nm peak in Figures 4.22a, j, k, and 1). This is presumably due to both the combination of
multiple absorbing species in the chloride reference spectra and the simplified model of the
reaction used: it is highly unlikely that the iron directly forms pure sulphate complex ions from
pure chloride complex ions. It will almost certainly form some intermediate combined

iron-chloride-sulphate complex. The absorption spectrum of this is expected to be similar to both
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the chloride and sulphate spectra but will not agree exactly with the spectra used to fit it. This is
unavoidable with the methods available. The overall shape and trends of the spectra over time can

be reproduced with this method, which confirms that the iron is forming sulphates over time.

4.7.2 Fitted concentrations
The uncertainties shown in Figure 4.22 are only those reported by the fitting programme. The

programme does not have the capability to include uncertainties of the reference spectra in the fit,
so the uncertainties shown are an underestimate. To calculate the total uncertainties, the
uncertainty of the fitted concentration and the average uncertainty in absorptivity for each
reference spectrum from 200 — 500 nm (avoiding the region from 500 — 600 nm where the signal
is smallest and the percentage error therefore artificially large) were propagated to produce an

overall uncertainty in the fitted concentration.

The total concentration of the six fitted chloride spectra were combined to estimate the total iron
present as chlorides in the samples. Figure 4.23 shows the fitted sulphate and total chloride
concentrations and therefore the total iron calculated by the fitting programme compared to the

initial FeCl; concentration for each sample.

In general, samples show the expected decrease in iron chlorides over time and increase in
sulphates, with the total iron fairly constant and almost always within error of the initial iron
concentration in the samples (though the uncertainty in the concentrations is large due to the

limitations of the fitting method).

The A samples are expected to contain no iron and therefore act as a test of the fitting programme.
However, spectrum N23 0A and 1A have non-zero iron concentrations, even with the large fitting
errors. They approximately follow the general trends of the other samples, with higher chlorides
at the start of the experiment and higher sulphates at the end, so it seems likely that these samples

were contaminated with ferric chloride during their production.

All N23 D samples significantly underestimate the total Fe concentration compared to the initial
concentrations. As it occurs in all D samples, this suggests a systematic error in the initial
concentration. The D samples were intended to be more concentrated than C samples and less
than E, but were generally calculated to be comparable to or more concentrated than the E
samples. The fitted concentrations are broadly consistent with the C samples. As the issue is
thought to be with the sample concentration, not the fitted concentration, these spectra will still

be used in calculations of the rate of the reaction (Section 4.7.3).

All N23 samples show an odd increase in fitted chloride concentrations between days 73 and 81.
As it affects all samples, this is assumed to be an issue with the baseline of the instrument on one
or both of those days. When rates are calculated from the concentration (Section 4.7.3), only the
earlier days will be used so as to reduce the effect of noise at low fitted chloride concentrations.

This means the increase from day 73 to 81 will not affect the calculated rate.
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Figure 4.23. Fitted concentration of iron chlorides and sulphate over time for all samples. Shaded areas show uncertainties.
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4.7.3 Rate of reaction
For Reaction R4.1, assuming that the rate-determining step involves both FeCl3 and H.SOs, the

rate of loss of reactants is given by

rate = k[FeCl;]*[H,S0,]” (4.4)

where kis the rate constant and [FeCls] and [H.SO4] indicate concentrations. As HSOj is in large
excess compared to the FeCls, the concentration of H,SO4 is approximately constant across the
experiment and the reaction is therefore pseudo-first order in FeCls. The rate is therefore only

dependent on the FeCls concentration and can be rewritten as

d[FeCl3] _

observed rate of loss of FeCly = — i kops[FeCl3]* (4.5)

where x is the order of the reaction for the rate determining step with respect to FeCls. Rearranging

and integrating the equation over time ¢,

[FecCls] 1 ¢
[Feciy A1Fechsl= ) = == 4.
J;Feczg,]O [FeClg]xd[ eCls] J; kops dt = —kopst (4.6)

where [FeCls]o is the initial concentration of FeCls. The value of this integral depends on the order

of the reaction. If the reaction is zero-order, the left-hand side has no dependence on [FeCls], so

[FeCl3] = [Fecl3]0_kobst (47)

A plot of FeCls concentration against time would therefore be a straight line, which is clearly not
the case by inspection of Figure 4.23. If the reaction is either first- or second-order, Equation 4.6

becomes
In[FeCl;] = In[FeCl3]o—kopst 4.8)
or

1
= kopst — ——
[FeCls] ~ "°P"  [FeCls],

(4.9)

respectively. Figure 4.24 shows In[FeCl;] (primary axis, blue) and [FeCls]" (secondary axis,
green) against time. The first-order case produces a better straight line fit. This can be seen most
clearly in HCI concentration batches 0 and 1, particularly OE and 1C of the N23 sample set, where
the second-order case is clearly non-linear. The small change in FeCl; concentration in batches 1
and 2 mean that the variation in the concentrations calculated by the fitting programme is large
compared to the overall change, producing a large amount of scatter in the data. This is

exacerbated by the minimal change in the concentrations in the A24 batch.

The average R* value of the fit for all data is 0.776 for the first order fit and 0.753 for the second
order fit. These are skewed by the low fitting quality for HCI batch 2 in the A24 set. When batch
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2 is neglected, the average R? values are 0.947 and 0.923 respectively, and when only N23 batches
0 and 1 are considered, the average R? values are 0.965 and 0.929. In each case, first-order kinetics

produce a better fit.

In batch 2 of the A24 sample set, the sample is dominated by noise. From Figure 4.23ac) to
4.23ah), it is clear that there is no measurable change in concentration with time in these samples.

The fitted rates for these samples are therefore neglected.
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Figure 4.24. Calculated rate of reaction of FeCl; for first-order (blue) and second-order (green) kinetics for each sample. The A samples are not shown due to their

low Fe concentration. The first-order plots show better agreement, so the reaction is concluded to be first-order in FeCls.
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There is no significant change in the rate of the reaction with the concentration of HCI. Within
each set of samples, N23 and A24, there is no significant variation with batch compared to the
standard deviation of the rates at a given batch ((6.0 £ 2.1) x 107, (5.1 £ 0.8) x 107, and
(4.6 £ 1.3)x 107 s for sample set N23 batches 0 — 2, respectively, and (6.4 = 1.7) x 10™® and
(7.7 £5.6) x 10°® s for A24 batches 0 and 1). However, there is a significant difference between
the rates of the two sets, which change by an order of magnitude. This is unlikely to be due to the
difference in concentration in the sulphuric acid (Table 4.1) — a difference of 0.5 M in the H>SO4
concentration would not account for an order of magnitude change in the rate and, in particular,
the higher H>SO4 concentration (A24) would be expected to increase the rate, not decrease it.

Variation in temperature would also be expected to affect the rate, but not to the extent observed.

It seems more likely that the change in rate is due to the preparation of the samples. For example,
the amount of time the FeCl; was in the HCI stock solutions varied between the two experiments.
For N23, the samples were made up from scratch and measurements started within an hour,
whereas for A24, the H,SO4, HCI, and FeCls/HCI stock solutions were made up ~18 hours before
the final samples were made up and measurements started. The difference is unlikely to be due to
HCI escaping from the solution at different rates between the two sample sets, as this would be
expected to produce a distinct difference in rate at high HCl concentrations, and less difference at
lower concentrations when the HCI1 evaporation is low, which was not the case. It is therefore
possible that in the A24 set, where the FeCls/HCl stock solutions were left for several hours before
being added to the sulphuric acid, the FeCls formed FeCls in the solutions more completely than
in the N23 batch. The binding of chloride ions to the FeCl; may have prevented as much HCl

from escaping from the solutions in the A24 set as the N23 set.

The possibility that the rate of the reaction depends on the initial complex ions formed should
also be considered, as FeCly may react more slowly than FeCl;. However, this does not seem
sufficient to explain the order of magnitude difference in observed rates. In Figure 4.22, Samples
0C from N23 and A24 on days 1 and 10 respectively (Figures 4.22a and 4.22k) are reproduced by
the fitting programme by similar sets of chloride spectra — mostly chloride spectrum A, with
smaller contributions from B, C, and E. While exact concentrations of the different species cannot
be reliable ascertained, both samples are qualitatively expected to be mostly FeCls” with some
FeCl; and other complex ions. However, the change in composition of N23 0C day 1 to day 14
(Figure 4.22b, 13 days) and A24 0C day 10 to day 22 (Figure 4.221, 12 days) are very different.
For the N23 sample, the sulphate becomes a significant species and contributes comparably to the
chlorides, while the A24 sample is still dominated by the chloride A spectrum, with only a minor
sulphate contribution. If the difference in rate were due to the chloride complex ion ratios, there

would not be this discrepancy.

As it is likely that the reaction depends on HCI concentration in the solution, which cannot be

measured or controlled with the present experimental setup, further repeats are expected to show
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further variation, but would not help identify the cause. In future, experiments with control of the
headspace above the samples would allow for measurement of the HCI coming out of the solution,

and therefore estimates of the Cl” concentration in the solution.

4.8 Temperature-dependent rates
4.8.1 Methods

To measure the effect of temperature on the rate of reaction, samples consisting of approximately
the same concentration of sulphuric acid, HCI, and FeCl; were stored at different temperatures
and the absorption spectrum was measured over 10 days (days 0 —9). A stock FeCls/HCI solution
was made up at least a day in advance of sample preparation. The concentrations of four different

batches of samples are presented in Table 4.7.

Table 4.7. Concentration of solutions for temperature-dependent experiments.

H>SO4 concentration
Batch /M / wWt% HCI concentration / M | FeCls concentration / M
1 13.17(2) 77.278(8) 1.374(6) x 107 3.5(5)x 10
2 13.13(2) 77.47(3) 1.341(6) x 107 3.4(5)x 10
3 13.18(2) 77.44(5) 1.405(6) x 107 3.2(4)x 10™
4 13.09(2) 76.935(11) 1.310(4) x 107 3.0(4)x 10

Each batch solution was made up and pipetted into separate cuvettes. An extra cuvette was filled,
and its spectrum measured immediately and then the sample discarded (“day 0”) to avoid
measuring one sample more than others in case the UV-Vis light incident upon the samples during
measurements affected the sample in any way. Due to the high viscosity of sulphuric acid at low
temperatures, it was not feasible to keep a large stock solution and take small samples for
spectroscopy when needed. To treat all samples the same, all samples were pipetted into cuvettes
on day 0 and then stored in different locations at different temperatures. In most cases, the samples
were simply stored in chemical cupboards and the temperature monitored over the 10 days. Air
conditioning maintained a broadly consistent temperature for the samples. For temperatures of
0 °C and lower, a Labplant RP100CD immersion cooling probe and a bath of propylene glycol
were used (Figure 4.25). To avoid risk of damaging the cuvettes by rapid cooling, the samples
were placed in the bath at room temperature, and the temperature lowered to the set point. By
necessity this means the samples did not spend the full time they were stored at their target
temperatures. However, set point temperatures were generally achieved in under an hour, so the

effect of the temperature ramp should not be the most significant source of error.
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Figure 4.25. Diagram of low temperature apparatus. The Labplant control box is connected to
the immersion probe and temperature probe (this connection is not shown for clarity). Cooling
is turned on and off automatically to maintain the set point temperature. The Labplant RP100CD
cools a bath of propylene glycol in a dual-skinned vacuum flask. A small beaker is suspended
from the rim of the flask using a clamp (not shown for clarity). The beaker and flask both
contain propylene glycol. The sample cuvette(s) are placed within the small beaker. The beaker

can be removed easily to access the samples, then lowered back into the flask.

The temperature of the room/bath was recorded when samples were taken and used to calculate
the uncertainty in the temperature. The sides of the cuvettes were rinsed with acetone to dry them,
which was then allowed to evaporate before spectra were measured. The samples from the
propylene glycol were rinsed thoroughly with deionised water and cleaned and dried with lens
tissues and acetone. A spectrum was measured of pure propylene glycol, which showed very little
absorbance, so there is no risk of contamination of the samples with propylene glycol absorbance
from the outside of the cuvettes. However, the low temperature of the cuvettes meant that
condensation would periodically form on the cuvettes in the spectrometer. Any spectra where this
appeared to be the case during sampling were immediately stopped, the cuvettes dried again with
lens tissue, and the sample rerun. However, this does not guarantee that no small amounts of
condensation went unnoticed. In addition, the effect of the condensation was only apparent at
large wavelengths where absorption from the spectrum was negligible. Any condensation that
formed later in data acquisition (i.e., only began to appear when the spectrometer was measuring

at above ~450 nm) will not have been detectable.
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In some cases, stoppered (Agilent) and unstoppered (Thermo Fisher Scientific) cuvettes were
used in the same locations to test whether the rapid rate of reaction was due to HCI escaping from
the solution. It was hypothesised that the solutions would not remain saturated with HCI if it could
escape from the liquid into the headspace in the cuvette and then out of the unstoppered cuvettes.
Figure 4.26 shows an unsealed sample at room temperature after one day. Large numbers of
bubbles, assumed to be HCI, have nucleated in the solution. The sample was inverted before
measurements were taken, and the bubbles disappeared. No significant difference in rate was
found between the stoppered and unstoppered cuvettes. However, with the temperature changes
the cuvettes were subjected to, there is no certainty that the stoppered cuvettes remained sealed at

all times.

Figure 4.26. Room temperature sample in an unstoppeded cuvette after 1 day. Large numbers of

bubbles, presumably HCI, have nucleated in the solution.

At -40 °C, the propylene glycol became viscous and sticky, and the cooling and temperature
probes regularly became encased in ice. It is likely that the temperature readings for these samples
are unreliable as the temperature probe will have been biased by the ice coating it and would
therefore presumably read higher temperatures than were accurate, leading to the cooling running
for longer than it should have done, decreasing the temperature further. The ice would regularly
encase the samples in the bath, so they may not have been at the temperature of the bath either.
Both the stoppered and unstoppered samples became unsealed when they were encased in ice,
and it is likely that some of the samples were contaminated with water, propylene glycol, or both.

Samples at —40 °C therefore have large temperature errors.

The absorbance of each sample was measured over time and the cuvette returned to its storage
location immediately after recording. The spectra were then analysed using the fitting programme

(Section 4.7) to calculate the iron chloride concentration. The overall change in the spectra was
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low, so fractional uncertainty in the change is high. In addition, Liu et al. (2006) found temperature
dependence of the shape of their spectra at higher temperatures, so it is likely that the spectra will
differ somewhat from the reference spectra at room temperature. This will introduce additional

uncertainty in the concentrations of chlorides from the fitting programme.

4.8.2 Temperature dependent rates
The pseudo first-order rate constant was calculated for each sample using Equation 4.8. The

dependence of the rate of the reaction on temperature is expected to follow the Arrhenius equation:

Eq
kops = A exp (—ﬁ) (4.10)

where E, is the activation energy, R the ideal gas constant, and A4 is an exponential pre-factor for

a given reaction. Figure 4.27 shows the dependence of the rate on temperature. A linear fit to

Equation 4.10 was performed for all batches of samples together.
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Figure 4.27. Arrhenius plot of the rate constant for the conversion of FeCls to Fex(SO4)s. The
reader is referred to Table 4.7 (page 193) for concentrations. For clarity, while 1/7 and In(koss)

are fitted, ko and T are shown on secondary axes).

The line of best fit in Figure 4.27 returns a pre-factor A = 2 + 2 x 10 s™ and activation energy
E,=-40+48 J mol'. There is negligible temperature dependence measurable with this

technique.



197

4.9 Conclusions
When ferric chloride is added to sulphuric acid, a yellow solution with dark and light particles,

thought to be anhydrous and hydrated ferric chloride, respectively, was formed at room
temperature. These particles dissolved and a pale precipitate of unknown composition formed
over the next 24 hours. For application to Venus, ideally both the liquid phase and the particles
would be considered, but the available techniques in this study were not sensitive to particles.
Future work should consider the particles and make attempts to conclusively identify both the

particles and the pale precipitate.

The iron concentration in the solutions was decreased to measure the absorbance due to ferric
chloride in sulphuric acid. The shape of the resulting spectrum is very different compared to the
spectrum of FeCl; used in the literature (Pérez-Hoyos et al., 2018). A fitting programme was
developed to estimate the concentration of iron sulphate and chloride species in the solutions.
This is an oversimplification: numerous different iron chloride complex ions form depending on
the chloride concentration in the solution, and it seems unlikely that no intermediate iron-
sulphate-chloride complexes would form during the conversion of FeCls to Fex(SO4)s. This
chemical system is clearly highly complex and further study is necessary. Nevertheless, despite
the required simplifications to the model of the system, the fitting programme reproduced the
initial iron concentrations well. The measured spectra and concentrations will be used to model

FeCl; behaviour in the Venusian clouds and atmosphere in Chapter 5.

The rate of the reaction of the iron chlorides to form ferric sulphate is highly variable. No
indication of further reaction of the sulphates was found. The rate has a very small dependence
on temperature, but the uncertainty in the rate within a single batch of samples at a given
temperature, and between batches of samples at similar temperatures is large and the measured
rate differed significantly between samples which appeared to have the same approximate
composition. The rate-limiting process in the reaction is unclear at present, but the concentration
of free chloride ions in the solution may have a significant influence on the rate that cannot

currently be quantified.

This chapter presents initial exploration of a highly complex system. The measured spectra and
concentrations are a clear improvement on the existing literature spectra in terms of relevance to
the Venusian clouds, but further exploration is necessary to produce reliable estimates of the
lifetime of ferric chloride within the cloud droplets at Venusian temperatures. It is likely that the
concentration and partitioning of iron between iron chloride and sulphate species will vary with
time and location in the Venusian clouds, so an understanding of the factors affecting the rate
must be understood to capture the variability in the reaction and therefore in predicted

observations.
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5. Photochemical and radiative transfer modelling of FeCls

5.1 Introduction
Zasova et al. (1981) proposed 1 wt% FeCl; in the mode 2 cloud droplets as the cause of the

unknown UV absorption, and suggested meteoric iron as the source of the FeCl;. Krasnopolsky
(2017) proposed a surface source of FeCls, arguing that the surface colour observed by Venera
landers indicated that the surface could contain ferric rocks. These, he argued, could react with
volcanic HCI to produce ferric chloride. The Venusian surface is above the boiling point of FeCls,
so FeCl; gas would therefore rapidly evaporate and be transported through the atmosphere to the
upper clouds, where it would condense into particles to produce the observed absorption.
However, vertical transport in the lower atmosphere is very slow (Cohen et al., 2024) and it
therefore seems unlikely that the FeCl; would survive unreacted through the lower atmosphere
and throughout the cloud deck to reach the upper clouds, where it could contribute to the

observable absorption.

Between them, these two sources cover all possible sources of iron: entering from the surface or
from the TOA. In this chapter, the feasibility of FeCl; production from the reaction of meteoric
iron from ablated cosmic dust with chlorine from volcanic HCI is examined using the PCM and
a 1D model of sedimentation and agglomeration (Frankland et al., 2017). The required
concentrations of FeCls in the different cloud modes are predicted using the measured absorption
spectra reported in Chapter 4 in SOCRATES, and the required concentrations compared to the

PCM predicted concentrations.

5.2 Chemical modelling
Photochemical modelling of meteoric iron was carried out using the Venus PCM up to ~250 km

(including the ionosphere, Section 2.1.3.2). An initial source of iron (Fe and Fe") from ablated

cosmic dust is injected in the model and the chemistry scheme run for 3.0 Venus days.

5.2.1 Meteoric Injection
An overview of meteoric injection and its implementation in the PCM is provided in Section 3.4.

Meteoric iron is injected following the profile reported by Carrillo-Sanchez et al. (2020) as a

mixture of neutral iron atoms (72%) and Fe' ions (28%).

As discussed in Section 3.4, the flux of meteoric material and Fe in particular is not well
constrained on Venus because the metallic species have not yet been observed; however, the flux
into the terrestrial atmosphere is now reasonably well constrained (Carrillo-Sanchez et al., 2020)
and the same Zodiacal Dust Cloud model was employed for Venus. Development of sodium and
magnesium chemistry for comparison with future observations is underway, and will be able to

provide indirect validation of the iron injection rate when observations are available.
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5.2.2 PCM Chemistry
A system of iron chemistry was developed by J.M.C Plane and implemented in the PCM.

Descriptions of the predictions of the rate coefficients are available in Appendix A. Table 5.1 and

Figure 5.1 detail the reactions and rate coefficients of the iron chemistry added to PCM Venus.

Table 5.1. Fe chemistry in the Venus PCM.

No. | Reaction Rate Coefficient” Note
Neutral reactions
1 Fe + O; —» FeO + O 3.4 x 10" exp(-146/T) 1
2 FeO+ 0O - Fe+ 0O, 4.6 x 10" exp(-350/7) 2
3 FeO + CO — Fe + CO, 1.2 x 103(77300)**" exp (-820/T) | 3
4 | FeO + O3 = FeO,+ O, 3.0 x 10"%exp (-177/T) 4
logio(kiec0) = log(2) +
> | FeO+CO: (+ M) - FeCO; (-3g7.§§7+7?0741§g(g]2-1.649(1ogT)2) 4
FeO, + O — FeO + O, 1.4 x 10" exp (-580/T)
FeO, + CO, (+M) — OFeCO; 1.3 x 107°(7/300)*
8 OFeCO; + O — FeCO; + O, 2.0 x 107" (7/300)"1¢7
logio(krec0) = log(2) + (-51.8343
9 | FeCOs +CO; (tM) > FeCOs.CO» | - 4310g(T) - 6.335(log(TY*) 5
10 | FeCO;.CO; + O — OFeCO; + CO, | 2.0 x 107'°(77200)*'¢
11 | FeCO;.CO; (+M) — FeCO; + CO» | ko/(6.78 x 107 exp(13387/T))
12 | FeCO; + HCl - HOFeCl + CO; 2.0 x 107"°(77200)"1¢7
13 | FeCOs.COx + HCl — HOFeCl + 2.0 % 107 (7720001 s
2C0;
14 | HOFeCl + HCI — FeCl, + H,O 2.0 x 107'°(7/200)1¢7 5
15 | FeCO; + Cl — OFeCl + CO, 2.0 x 107'°(7/200)1¢7 5
16 | FeCO;.CO, + Cl — OFeCl +2C0, | 2.0 x 107'°(77200)*1¢ 5
17 | OFeCl+Cl — FeCl,+ O 2.0 x 1071°(77200)*1¢ 5
18 | FeCl+ O3 — OFeCl + O, 2.0 x 107" (77200)"1¢7 5
19 | FeCl,-H,O + Cl — FeCl; + H,0 2.0 x 107°(77200)*1¢ 5
20 | FeCl, + H,O (+ M) — FeCl,.H,0 8.6 x 107 (7/200)>% 5
21 | FeCls + CO; (+M) — FeCl5.CO; 1.2 x 102 (7/200) %3 5
22 | FeCl;.CO, (+M) — FeCl; + CO, 5.1 x 10" (exp(-3012/T) 5
Ton-molecule reactions
30 | Fe'+0; —» FeO" + O, 7.1 x 107" exp(-129/7) 6
31 | FeO'+0 —» Fe'+ 0, 3.2x 10! 7
32 | FeO'+CO — Fe' + CO, 1.6 x 1071° 7
33 | FeO" + CO; (+M) — FeO".CO; 3.2 x 10%7(1/300)>!" 5
34 | Fe'+ CO, (+M) — Fe'.CO, 8.1 x 10%(7/300)>! 8
35 | Fe".CO»+ CO;, (+M) = Fe'(CO2)> | 4.6 x 102 (7/300)°* 5
36 | Fe".CO,+ 0O — FeO" + CO;, 4.6 x 1071 5
37 | Fe'.(CO2)2+ O — FeO'.CO,+CO, |5.0x10" 5
FeO".CO, + COz (M) — 26 552
38 FeO" (CO); 2.3 x 107 (7/300) 5
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39a | FeO".CO, + O — FeO," + CO, 7.0 x 107" (77300) 0% 5
39b | FeO".CO, + O — Fe".CO, + O, 3.1 x 10'°(7/300)*% 5
40 | FeO,' + O —» FeO' + 0, 6.3 x 107" 7
41 | FeO'+e > Fe+O0 5.5 x 107 (1300)°? 9
42 | FeO," + e > Fe+ 0, 5.5 x 107 (1300)°? 10
43 | Fe".CO, + e — Fe + CO; 5.5 x 107 (1300)°? 10
44 | Fe'.(COx)r+e = Fe+CO,+CO, | 5.5x% 107 (7300)°° 10
45 | FeO".CO, + e — FeO + CO; 5.5 x 107 (1300)°? 10
46 | FeO'.(COy), + e — FeCO; + CO;, 5.5 x 107 (1300)°° 10
47 | FeO,".CO; + €& — FeO, + CO» 5.5 x 107 (7300)°? 10
48 FeO".(CO,), + O — Fe0,".CO, + 3.1 x 1070 (T/300)" 5
CO;
49 | Fe+ 0, > Fe' +0, 1.1 x 107 11
50 | Fe+NO"— Fe'+NO 9.2 x10°1° 11
51 | FeCO;+ 0;" — FeO'.CO; + O, 1.0 x 10° 12
52 | FeCO; + NO" — FeO".CO, + NO 1.0 x 10° 12
53 g&;CO3.C02 + 02" = FeO".(COy), + 1.0 %107 12
54 IF\Iebco3.coz +NO" - FeO".(COy), + L0 % 10° 1
55 | Fe'+e — Fe 6.5 x 102 (1/300)°-" 13
Photochemical reactions
60 |Fe+hv—>Fe' +¢e 3.2x10° 14
61 | FeCl+ hv — Fe+Cl 0.15 5
62 | FeCl, + hv — FeCl + Cl 2.0 x 107 5
63 | FeCl; + hv — FeCl, + Cl 2.3 %107 5
64 | FeCOs + hy — FeO + CO, 0.17 5
65 | FeCl5.CO, + hv — FeCl; + CO; 0.41 5
66 | FeCO3.CO; + hv — FeO + 2CO, 0.20 5
67 | OFeCOs + hv — FeO, + CO; 0.34 5

“Units: photolysis reactions, s™'; bimolecular reactions, cm® molecule™ s™';

termolecular, cm® molecule™ s

1. Helmer and Plane (1994). 2. Self and Plane (2003). 3. A best fit using Transition State Theory
to the literature rate coefficients for the reverse reaction, Fe + CO, » FeO + CO (Giesen et al.,
2002; Smirnov, 2008). 4. Rollason and Plane (2000). 5. This work (see Appendix A). 6. Rollason
and Plane (1998). 7. Woodcock et al. (2006). 8. Vondrak et al. (2006). 9. Bones et al. (2016). 10.
Set to the measured rate coefficient for FeO" + ¢ (Bones et al., 2016). 11. Rutherford and Vroom
(1972). 12. Set to a typical charge transfer rate coefficient cf. reactions 49 and 50. 13. Nahar et al.

(1997). 14. Whalley and Plane (2010), rescaled for Venus.
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Figure 5.1. Reactions of neutral (gold) and charged (blue) Fe-containing species added to the

PCM (Table 5.1). Meteoric ablation (green) provides a source of Fe and Fe". Black lines and

reactants indicate neutral chemistry, red lines and reactants indicate reactions involving charged
species. Collision partners are indicated on arrows. M indicates thermal decomposition after
collision with CO», e is electron uptake, and /v indicates absorption of a photon. Solid lines

indicate reactions that have been measured experimentally, dashed lines indicate predicted

reaction rates.
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Figure 5.2 shows the global mean profiles of charged (Figure 5.2a) and neutral (Figure 5.2b) iron
species after 3.0 Venus solar days resulting from the added iron chemistry. The dominant species
above 110 km remain Fe and Fe" by 1 — 2 orders of magnitude. The majority of the charged
species are limited to altitudes above 100 km, with only small amounts of Fe".(CO,), and
FeO,".CO; present below this region. Similarly, the majority of the neutral iron species are
constrained above the cloud deck. Only the FeCls, FeCl,.HO and FeCl;.CO, persist for
sufficiently long periods to reach the cloud deck and below. In the upper haze and cloud layer, it
is therefore acceptable to consider only iron chloride species. Note that the interaction of Fe

species with the haze/cloud droplets is not considered in the model.

Global mean, 3.0 Vd

a) Charged iron species b) Neutral iron species — Fe
— Fel
200 200 1 FeO,
—— FeCO;
OFeCO;
£ 1501 150 —— FeC0;.CO;
-~ A__i _ HOFeCl
P _
8 2) — FeCl
2 - FeCl,
5 100 4= — 100
< — = OFeCl
- — FeCl
— Fet — Fe*.CO, 3
+ Fec|2.H20
50 1 FeO — Fe™t.(CO)» 50 FeCl..CO
—— FeOp* Fe0,*.CO, S
—— FeCO3* —— FeCO5%.CO»
Y 0% 10 107 10 Yot 107 10 107 100

Volume mixing ratio

Volume mixing ratio

Figure 5.2. Global mean vmrs of all a) charged and b) neutral iron species after 3.0 Venus days.

The dominant form of FeCls throughout most of the atmosphere is FeCl;.CO,. Comparison of
predicted gas phase absorption spectra showed negligible change to the absorption cross-section
of FeCl; due to the binding of the CO, molecule (Figure 5.3, see Appendix Section A1.2 for details
of the calculation of these spectra). It is not expected to affect the absorption spectrum or uptake
into cloud droplets, and the bound CO, should be readily lost when FeCl;.CO; is dissolved in the
droplets, or below the clouds when the temperature is high enough. All further consideration of

the FeCl; concentration predicted by the PCM will consider the sum of the FeCl; and FeCl;.CO..
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Figure 5.3. Calculated absorption cross-sections for the FeCl;.CO cluster and FeCls in the gas

phase, and FeCls in liquid H,SO4 using Time-Dependent Density Functional Theory (Scalmani
et al., 2006). See Appendix Section A1.2 for details of the calculation of these spectra.

There is little change in the absorption peak wavelength for FeCl;.CO,, FeCl; and FeCls in H>SO4
(387, 382 and 380 nm, respectively), and the three spectra all have long wavelength tails to more
than 600 nm. However, the shoulder between 460 and 560 nm in the FeCls spectrum disappears
when CO; clusters with it; and the H,SO4-solvated FeCl; peak absorption cross-section is 52%
higher. These differ significantly from the absorption spectra measured experimentally, which
found two absorption peaks at wavelengths of ~320 and ~365 nm. Given the marked differences
between the predicted and measured spectra (discussed further in Section 5.4), the predicted
spectra are not used for comparison with the observed Venusian spectrum. However, the similarity
between the three predicted spectra are taken as an indication that the spectra will not differ
significantly between gas and droplet phases, and that the measured laboratory spectra are a

reasonable representation of the gaseous FeCls and FeCls;.CO, absorption spectra.

5.2.3 Results
Figure 5.4 shows the total FeCls (sum of FeCl; and FeCl;.CO;) column abundance (Figure 5.4a)

over time, and the global mean number density profile after 1.0, 2.0, and 3.0 Vd (Figure 5.4b).
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Figure 5.4. The change in global mean total FeCls a) column density and b) number density

with time over the 3.0 Venus days of model run.
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As was seen in Figure 5.2, the dominant form of FeCls (solid lines) is FeCls.CO; (dotted lines,
mostly obscured by the solid lines) above ~30 km. At this point, the dissociation of FeCls.CO; to
FeCl; and CO; makes FeCl; (dashed lines) the dominant form.

The number density remains approximately constant in the mesosphere above 95 km across the
3.0 Vd (due to rapid vertical mixing by eddy diffusion), but the concentration below the clouds
increases with model time. The cause of this can be seen in Figure 5.5, which shows vertical slices

through the atmosphere at local midday and midnight, and the morning and evening terminators.
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Figure 5.5. Vertical slices through the atmosphere at different local times and at the start,

middle, and end of the first day of the model run, and after each subsequent day.

FeCl; is initially formed in a thin layer near the meteoric injection peak at 115 km (Figure
5.5a—d). The FeCls is transported poleward in and above the upper haze, and downward in the
polar regions (Figure 5.5¢ — h). The equatorward transport in the troposphere is weaker than the
poleward transport in the mesosphere, and so the accumulation in the lower atmosphere is slow.
Low concentrations in the low- to mid-latitude regions are not indicative of a strong loss process
in this region, but simply illustrate slow accumulation following the dynamical transport. The
concentration through and below the clouds increases with model time (Figure 5.51 — t) as the
FeCls is transported, and the low concentrations at low latitudes are not expected to persist after

the model reaches steady state.
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Figure 5.6 shows the column abundance of FeCls with location. The highest concentrations occur
in the polar regions, and the lowest at the evening terminator. The increase in concentration at low
latitudes can be seen across the three days (all three subplots use the same colourbar) and the low
concentration region at the morning terminator fills in over time. The high concentrations in polar
regions are due to the limitations for the PCM dynamics. As illustrated in Section 2.1.2.3, the
PCM meridional winds are unphysically strong at high latitudes and do not match observations.
The high concentration in the polar regions seen in Figures 5.4 and 5.6 are due to the peak
meridional winds occurring at ~80° in the PCM, rather than the ~60° seen in observations. The
true FeCls concentration distribution would therefore be expected to be higher in low- to

mid-latitudes than is produced here.
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Figure 5.6. Total FeCl; column abundance across the model run. White dashed line indicates

local midday, black lines indicate midnight, which is at the break of the map projection.

5.2.4 1D model extrapolation
The 1D model (described in Section 2.3) was initialised with injection rates of the different

meteoric metals and the FeCls concentration at 100 km constrained to the total diurnal average Fe

modelled by the PCM at 100 km. J.M.C. Plane estimated total FeCl; abundance due to meteoric
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injection and loss by agglomeration of MSPs and setting through the atmosphere. Meteoric metals
were all assumed to form chlorides with an average monomer size of 0.27 nm as described in

Section 2.3.

Two model runs were performed, each for 20 000 Earth days (~171 Venus solar days). In the first,
the FeCl; was allowed to accumulate in the atmosphere with no coagulation. In the second, the
particles were allowed to collide and coagulate with a collision efficiency (fraction of particle
collisions that result in coagulation) of 1%. Figure 5.7 shows the particle size distribution with
altitude. Particles grow through coagulation as they sediment and mix vertically through the
atmosphere from 100 km. Most of the particle number is in the sub-nm size range above 80 km,
and between 100 and 600 nm below 60 km. The rapid switchover is caused by the longer time the
small particles (» < 20 nm) spend between 60 and 70 km, as the sedimentation rate slows down

and the vertical eddy diffusion coefficient decreases (see Figure 2.31).
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rim
Figure 5.7. The size distribution (radius r) of MSP particle number density, », as a function of

altitude, after running the 1D model with coagulation for 20 000 Earth days.

Figure 5.8 shows the resulting FeCl; number density profiles below 100 km for the coagulating
and non-coagulating cases. The modelling for 20 000 Earth days increases the number density
significantly throughout the mesosphere and troposphere, with ~10'" molecules cm™ in the upper
clouds (compared to ~10° molecules cm™ after 3.0 Vd in the PCM results), and a maximum
number density near the surface of over 10'2 molecules cm™ without coagulation. The increase in
particle size due to coagulation increases the sedimentation rate of the particles and decreases the

number density of FeCls by approximately an order of magnitude throughout the atmosphere.
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Figure 5.8. FeCl; number density in MSPs with and without coagulation of particles.

Integrating up to 100 km, the total column abundance of FeCl; in the MSPs is
4.7 x 10" molecules cm™ without coagulation, and 5.3 x 10" molecules cm? with modelled
coagulation. If only the region in and above the upper clouds (above 60 km, the location of the
unknown UV absorber, see Section 1.4.3) is considered, there is a column abundance (without

coagulation) of 9.8 x 10" molecules cm™ or (with coagulation) of 3.17 x 10'* molecules cm™.

5.3 SOCRATES reflectance calculations

5.3.1 Calculation of refractive index from absorptivity
The 1 wt% predicted concentration of FeCl; in the cloud droplets (Zasova et al., 1981) is

significantly higher than the concentrations used to measure the molar absorptivity spectrum
(Chapter 4), so the absorbance at higher concentrations must to be predicted from the absorptivity
and converted to the imaginary refractive index, which is used (along with the real refractive
index of sulphuric acid) for the Mie theory calculations of single particle extinction performed by

SOCRATES.

The molar absorptivity, €, of the sample of length [ is related to absorbance by the Beer-Lambert
law (Equation 4.1). The absorbance is a measure of the decrease in light intensity passing through

a sample:

I
log1g (TO) =A= ecl (5.1)

where [ is the intensity of light incident upon the sample and [ is the intensity of light that passes
through the sample.

The imaginary refractive index, k, describes the attenuation of light as it passes through a sample:
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—4nkx) (5.2)

I(x) = Ioexp( 2
0

where I, is the intensity of light incident upon the sample, I(x) is the intensity at a distance x

through the sample, and A, is the vacuum wavelength of the light.

Rearranging Equation 5.2 and setting the distance through the sample x = [,

Iy (4nkl) 53
;= e (5.3)

Using the logarithm change of base rule:

logp (x)
1 = 5.4
Equation 5.3 can be rewritten as
1
z (10) _ logyo (7“) _ 4mkl (5.5)
1 logyo(e) Ao
By comparison with Equation 5.1,
4mkl  ecl
Ao logyo(e)
_ SCAO (56)
4mlogyo(e)

The imaginary refractive index of the iron solutions can therefore be calculated for different
concentrations of iron by scaling the molar absorptivity measured in the experimental work to
higher concentrations. The real refractive index of the cloud modes is taken to be that of 75 wt%
sulphuric (Figure 2.30) acid due to the small change measured (Section 4.2.1) upon addition of
FeCl; to the sulphuric acid. Outside the region of absorption measured experimentally, the

imaginary refractive index is taken to be that of sulphuric acid.

5.3.2 Effect in droplets using measured FeCls spectra
Initial tests were carried out with a coarse refractive index (Figure 5.9) estimated from the molar

absorptivity calculated by a linear fit to preliminary FeCls measurements at concentrations

between 2 x 107 and 10 x 10~ wt% (not shown).
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Figure 5.9. The calculated imaginary refractive index of a solution of an initial concentration of

1 wt% FeCl;, based on measurements of 2 x 102 to 10 x 107 wt%.

5.3.2.1 Initial tests
Initial tests were carried out with the coarse refractive index spectrum. Different concentrations

of FeCls were tested. In initial tests, the same concentration of FeCls was modelled in all cloud
droplets (Figure 5.10). The concentrations refer to the initial FeCl; added to the solutions, not the
unreacted FeCls remaining in the solution at the time the spectrum was measured. It would be
more unambiguous to refer to Fe concentrations in the droplets; however, as previous work
(Krasnopolsky, 2017; Zasova et al., 1981) reported concentrations in FeCl; wt%, the same
convention is used here. The cloud particle distribution is taken from the PCM and converted to
separate modes as outlined in Section 2.2.2.7. The SO, profile used is an artificial profile
constructed to broadly match observations, as in Figure 3.18 The measured spectrum can be

matched well by an initial concentration of approximately 2 — 3 wt% FeCls in the cloud droplets.
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Figure 5.10. SOCRATES modelled reflectance for different initial concentrations of FeCls in all

cloud modes.

5.3.2.2 Individual cloud modes
Figure 5.11 shows the modelled TOA reflectance when the iron is modelled in one cloud mode at

a time. The refractive indices of the other cloud modes are those of 75 wt% sulphuric acid.
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Figure 5.11. SOCRATES modelled reflectance for different concentration of FeCls in
a) mode 1, b) mode 2, c) mode 2’, and d) mode 3 cloud droplets only. In each case, all other

cloud modes are sulphuric acid.
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The FeCls produces a similar spectral shape in mode 1 as when it was included in all of the cloud
modes (Figure 5.10), indicating that mode 1 is the dominant source of absorption when FeCls is

in all cloud modes.

Figure 5.11b shows that higher concentrations of FeCls are required in mode 2 than in mode 1:
10 wt% FeCl; in mode 2 produces a similar predicted reflectance near 350 nm to 1 wt% FeCl; in
mode 1. The required FeCl; mass fraction in mode 2 would be impossibly high to reproduce the
observed absorption, so even at higher concentrations than modelled, the FeCl; cannot be in mode
2 particles alone. The absorption at 450 — 500 nm is less dependent on the choice of cloud mode
than near 350 nm, with only a factor of 2 to 3 times the FeCls required in mode 2 to reproduce the
absorption seen in mode 1. The same effect is seen for modes 2’ and 3 (Figures 5.11¢ and d,
respectively): while the long wavelength ‘tail” of the absorption can be reproduced by high FeCl;

concentrations, the strength of the absorption below 400 nm is not reproduced.

The inability of the larger cloud modes to reproduce the required absorption is due to the depth
of these modes below the cloud top. The highly refractive pure sulphuric acid droplets that make
up mode 1 scatter most efficiently at UV wavelengths (Figure 2.29). When only the large modes
contain FeCls, the bright mode 1 haze and cloud overlying the absorber deeper within the main
cloud deck efficiently scatters light before it penetrates the middle and lower clouds. It should,
however, be noted that as the clouds are based on the PCM cloud treatment, which is itself
prescribed based on the Pioneer Venus LCPS measurements (Knollenberg & Hunten, 1980;
Stolzenbach et al., 2023), the upper haze is therefore purely mode 1, with a low number
concentration of mode 2 particles within the upper clouds (the layers that reflectivity is most
sensitive to). This does not reflect the bimodality in the upper haze and larger mode 2’ or mode 3
particles in the upper clouds reported to be required to reproduce observations by Luginin et al.

(2016) and Satoh et al. (2015).

Given the dominance of the mode 1 contribution to the absorber, the model is not sensitive to the
concentration of FeCls in the larger size modes. The concentration of the absorber in these modes
is therefore unconstrained by the model. However, a high concentration of FeCl; in mode 1 would
be consistent with observations of two modes of populations of particles within mode 1 (which
Knollenberg and Hunten (1980) proposed were uncoated CCN, in this case assumed to be ferric
chloride particles which cannot be reliably studied with the experimental work presented in
Chapter 4), and the less refractive sulphuric acid droplets where the particles have nucleated
droplets but not reached the Kelvin threshold to grow freely. Lower concentrations of FeCls in
the larger modes would be expected if the mode 1 cloud particles grow into the larger cloud modes
by deposition of water and sulphuric acid. The volume increase from mode 1 to mode 2 alone
would decrease the concentration of FeCl; in the newly grown mode 2 particles by a factor of 20.

A concentration of ~0.1 wt% in mode 2, and lower concentrations still in modes 2’ and 3 would,
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by comparison with the low absorption predicted in Figures 5.11b — d, have a negligible effect on

the spectrum.

5.3.3 Effect of change in ferric chloride and sulphate concentrations

5.3.3.1 Comparison of different times in the reaction
As the model is most sensitive to the concentration of FeCls in mode 1, the effect of the choice of

spectral shape is investigated in this single mode only. Four high-resolution spectra are used
(Figure 5.12). Each of these is the same sample (N23 0C, see Table 4.1, page 164) on different

days — 1, 4, 9, and 18. Different concentrations of each were tested in mode 1.
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Figure 5.12. 2 nm resolution imaginary refractive index spectra of solutions of 1 wt% initial
FeCls concentration calculated from the measured absorption spectra of sample N23 0C (see

Table 4.1 (page 164) for initial concentrations) on different days.

Figures 5.13 shows a range of initial FeCls concentrations for the different sample spectra in
mode 1. The initial iron concentration required to reproduce the absorption increases with the
time the samples were taken at. This is to be expected: the higher fraction of ferric chloride at
earlier times means that a lower overall iron concentration (and therefore initial FeCl;

concentration) is required to produce the same instantaneous ferric chloride concentration.
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Figure 5.13. SOCRATES modelled reflectance for different modelled initial concentrations of
FeCl; for spectra measured after a) 1 day, b) 4 days, ¢) 9 days, and d) 18 days in mode 1 cloud

droplets. In each case, all other cloud modes are modelled as sulphuric acid.

The strength of the absorption in the NUV region is best reproduced by 1.5 — 2 wt% FeCls using
the day 1 spectrum, 2 — 3 wt% with days 4 and 9, and 3 — 4 wt% on day 18. For direct comparison
between the spectra, the lower end of these best fit predicted reflectances are shown in Figure
5.14. The shape is best reproduced by the spectrum from day 4, particularly at long wavelengths,
where all other spectra over-predict absorption. All spectra marginally over-predict absorption

near 300 nm, where the SO, absorption is dominant.
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Figure 5.14. Best fit initial FeCls; concentrations for the four spectra in mode 1 from comparison

of SOCRATES model results to observations.
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On day 4, the fitting algorithm (Section 4.7) estimated that 71 % of the total iron in the solution
existed as ferric chloride species and 29 % ferric sulphate (1.7 x 10* M ferric chlorides and
7.2 x 10 M ferric sulphate. Applying this correction to the best fit concentrations for the day 4
spectrum, the absorption would be well matched by 1.4 — 2.1 wt% FeCl; in the cloud droplets.

5.3.3.2 Identification of best-fit FeCl,>" species
To estimate the specific form of ferric chloride producing the absorption, and the expected

absorption in the absence of ferric sulphate, the specific concentrations of the different
components estimated by the fitting algorithm can be inspected (Figure 5.15). The dominant
chloride spectrum (“Cl D”) is that measured in 6.09 M HCI. By comparison with Liu et al. (2006),
the dominant chloride species in this spectrum is FeCl,". Additional contributions are from spectra
CI A (12.2 M HCI, containing by FeCls (aq) and FeCly) and Cl F (1.54 M HCI, dominated by
FeCl*).

141 Measured
spectrum
1.2 4 —— S04: 7.2x107° M
ClA: 3.6x10°° M
— CID: 9.7x107°> M
1.0 1 ClF: 3.5x1075 M
o ___ Fitted
S g spectrum
©
2
o
3
2 0.6
0.4 4
0.2 1
0.0

200 250 300 350 400 450 500 550 600
Wavelength / nm

Figure 5.15. Dominant fitted components in sample N23 0C day 4 calculated using the fitting

algorithm described in Section 4.7.

The absorption spectrum due to the ferric chloride species with no ferric sulphate contribution
can be estimated by combining the fitted chloride spectra alone to produce an estimated
absorbance. This spectrum can then be converted to the expected imaginary refractive index at
higher concentrations as before and used to model the TOA reflectance of ferric chloride in the
limiting case of such a slow rate of reaction that ferric sulphate concentration is negligible

(Figure 5.16).
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Figure 5.16. The SOCRATES model results using spectral fit results for ferric chloride species
only.

The resulting spectra from the predicted spectrum of only ferric chloride species show excellent
agreement with the observed spectrum, including the region near 300 nm that was previously

higher than observations due to the presence of the ferric sulphate ions.

5.4 Validation of FeCl; absorbance cross-section
Comparison of the measured and calculated FeCls spectra in sulphuric acid (Figure 5.17) shows

that the calculated spectrum is broadly consistent in strength with the measured spectrum,
differing only in the location and width of the peak. The cross-section, o, for the measured
spectrum is calculated from the molar absorptivity (as explained in Section 4.4.2). As iron and
chlorine are large, heavy atoms, and FeCls is in a state of high (quintet) spin multiplicity, the
calculated cross-sections (see Appendix Section Al.2) are not expected to reproduce the
experimental spectra very accurately. That the two methods produce reasonable agreement above
350 nm supports the identification of the measured spectrum as ferric chloride and validates the

use of the calculated spectrum in the photolysis calculations in the PCM.
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Figure 5.17. Comparison of the calculated FeCl; absorption cross-section in sulphuric acid
(Figure 5.3) and the best fit pure chloride contribution to the measured absorption (sample N23
0C day 4, as used in Figures 5.15 and 5.16).

5.5 Estimated meteoric sources of FeCls
The total number density and column abundance required to produce the FeCl; concentrations

predicted from comparison of SOCRATES-predicted spectra to the MASCS/MESSGENGER-
retrieved spectrum of the NUV absorber are estimated from the cloud mass loading in the PCM
in four different cases. As an upper limit on the FeCl; required, the FeCl; concentration required
to form 2.5 wt% of all cloud modes is predicted, representing the 2 — 3 wt% initial FeCls to
produce the best fit in all cloud modes (Figure 5.10). As a lower limit, 1.75 wt% FeCls in mode 1
in the upper clouds and haze is calculated, representing the 1.5 — 2.0 wt% best fit in the absence
of ferric sulphate (Figure 5.16). The dominance of the upper clouds in the reflectance spectrum
means the absence of the absorber from the lower clouds would have a negligible effect. Two
intermediate values are also estimated: 2.5 wt% of mode 1 (Figure 5.14) throughout the cloud
deck, or in the upper clouds and haze alone. Figure 5.18 shows the predicted number density for
each case compared to the 1D model extrapolation of the number density after ~171 Venus days

(20 000 Earth days).



218

100 2.5 wt% FeCls

in all cloud modes

2.5 wt% FeCl3

in mode 1

2.5 wt% FeCl3

in mode 1 above 60 km
1.75 wt% FeCls

in mode 1 above 60 km
Estimated FeCls

(No coagulation)

Estimated FeCls
(1% collision efficiency)

90{
80

70 A

60 -

Altitude / km

50 -

40 A

30 A

10° 108 107 108 10° 1010 101 1012
FeCls Number density / molecules cm™3

Figure 5.18. Global average number density of FeCl; equal to 2.5 wt% of the total cloud
particles (purple); 2.5 wt% of mode 1 throughout the clouds (blue), or only above 60 km
(orange); and 1.75 wt% of mode 1 above 60 km (green); compared to 1D model (Figure 5.8),

with (red) and without (black) coagulation and sedimentation.

The total predicted column of FeCl; from the 1D model (with or without coagulation) is sufficient
to provide all of the required FeCls in the clouds. However, as the highest FeCl; concentration in
the 1D model occurs below the clouds, much of this would not be available for uptake into the
cloud droplets. The effect of FeCl; uptake into the cloud and haze on the available column of
FeCl; is beyond the scope of this study. Instead, the partial column of FeCls within either the full

cloud layer or the upper cloud layer is compared to the required FeCls to explain the absorption.

The available (1D modelled) and required (SOCRATES-predicted) FeCl; column abundances are
listed in Table 5.2 for each of the four choices of FeCls concentration in the cloud modes and three
different regions of available FeCls. The predicted partial column of FeCl; in and above the cloud
layer (above 40 km) is 2.8 x 10'7 cm™ without coagulation, or 1.4 x 10'® cm™ with coagulation.
The non-coagulating modelled FeCls can provide 97% of the required FeCls in all cloud modes
and more than 100% of the required FeCl; in all other cases. The coagulating modelled FeCls can
account for 5% of the FeCls in all cloud modes, 37% (39%) of FeCls in mode 1 throughout the
clouds (in the upper clouds and haze), or 56 % of the FeCl; in the upper clouds if reaction to form
sulphates is neglected. If only the region in and above the upper clouds is considered, the majority
of the FeCl; exists in monomers before droplet uptake occurs, so the non-coagulating case should
be used. In this case, the available FeCl; in and above the upper clouds can provide 28% of the
required FeCl; in mode 1 or 39% if formation of iron sulphates is neglected. The comparison of
the available upper cloud and haze FeCls with total required FeCls through the clouds is physically
unjustified (as it assumes that FeCls uptake into the clouds could only occur in the upper clouds,
but FeCls particles could somehow persist into the middle and lower clouds without interacting

with the cloud droplets), but values are included in Table 5.2 for completeness.



Table 5.2. Percentage of required FeCls to account for all absorption in the four test cases (Figure 5.18, rows) available from meteoric iron in the different regions

and with and without coagulation (columns).

FeCl; available (1D model)

Non-coagulating case

Coagulating case

(1% collision efficiency,

Non-coagulating case

(upper clouds and haze)

full cloud upper cloud and haze
( ) full cloud) (upp )
Column abundance
2.8 x 10" 1.4 x 10'° 9.8 x 10"
/ cm™
2.5 wt% FeCl; in
2.8 x 10" 97 % 5% 0.4 %
g all cloud modes
Q 2.5 wt% FeCl; in mode 1
& 3.8 x 10'° > 100 % 37 % 26 %
?é (all cloud layers)
= 2.5 wt% FeCls in mode 1
g 3.5 x10'° > 100 % 39 % 28 %
6 (upper clouds and haze)
| 1.75 wt% FeCls in mode 1
2.5 x 10" > 100 % 56 % 39 %
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5.6 Conclusions
The best fit to Venusian observations is found for approximately 1.5 — 2 wt% FeCls in the mode

1 cloud droplets. The model is most sensitive to the FeCl; in the upper clouds and haze. The best
fit spectrum was that measured in 76.5 wt% H,SO, after four days. The sample had initial
concentrations of approximately 9.3 x 102 M HCland 1.7 x 10* M (1.7 x 10~ wt%) FeCl; added.
The FeCl; concentration was scaled to higher concentrations for modelling. By comparison to the
reported dominance of FeCl,"" ions in hypersaline solutions by Liu et al. (2006), the dominant
ferric chloride species is identified as FeCl,", with additional contributions from other ferric

chloride species.

For reasonable assumptions about the concentration and location of the FeCls (FeCl; makes up
2.5 wt% of mode 1 particles in the upper clouds), meteoric injection of iron can explain
approximately 37% of the FeCls required to match observations. If the FeCls is absent from (or
only present in lower concentrations in) the middle and lower clouds, or if the reaction of FeCls
with sulphuric acid is slow under Venusian conditions, this value may be higher. It should also be
noted that the uncertainty on the Venusian meteoric iron flux is approximately 50% (Carrillo-
Sanchez et al., 2020), so it is possible that the meteoric contribution may differ significantly from

the values used in this work.

It is also possible that, if additional mineral phases form, as reported by Jiang et al. (2024), the
required concentration may be lower than predicted, as the same concentration of FeCl;
contributes to the absorption “twice”: once as unreacted ferric chloride, which then forms ferric
sulphate ions, and then again as the mineral phases (copiapite, rhomboclase, and acid ferric
sulphate) they reported. It is currently unclear why these mineral phases were not observed in this

work.

At present, uptake of FeCls into droplets and reaction with the sulphuric acid is not modelled. In
addition, the production of FeCls and the long-term transport and removal by settling of FeCls are
modelled separately, by the PCM and 1D model, respectively. The development of a
comprehensive treatment of FeCls formation, transport, uptake and agglomeration, and reaction
is required. In particular, the droplet chemistry is of particular interest as this is the likely location
of the unknown absorber. The limitations of the aerosol treatment in SOCRATES mean that the
absorber must be tied to the entirety of a cloud mode — there is no way to vary the concentration
of the FeCl; within a cloud mode (for example, higher concentrations in smaller particles within
a mode to represent a concentrated core that grows by deposition of sulphuric acid; or varying
concentrations with altitude). Other choices of FeCls concentration in different regions or subsets
of the cloud modes may produce better fits to observations. The development of a comprehensive
cloud model with heterogeneous chemistry would permit further detailed study and decrease

uncertainties in the estimate of the contribution that meteoric iron can make to the observations.
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6. Conclusions and future work

6.1 Conclusions
In this work, two possible causes for the Venusian unknown UV absorber have been considered:

OSSO (Chapter 3) and FeCl; (Chapters 4 and 5). Both candidates had previously been proposed
in the literature (e.g., Frandsen et al., 2016; Zasova et al., 1981), but significant issues precluded
the identification of either as the absorber: 1D modelling of OSSO predicted concentrations were
too low to explain the observed absorption, and the available FeCl; spectrum in the literature

showed poor agreement with the shape of the observed absorption.

6.1.1 Summary
In this work, the 3D chemical and dynamical modelling of OSSO has been carried out, using the

Venus PCM, and an additional source of SO from ablation of meteoric material included in the
model. Despite this, the concentrations of OSSO in the atmosphere are such that OSSO is

expected to be able to explain much less than 1% of the observed absorption.

Laboratory measurements of the absorbance of ferric chloride in sulphuric acid were performed,
and the contribution of ferric chloride ions and molecules and ferric sulphate ions to the total
absorption have been quantified using a fitting algorithm and spectra of ferric sulphate ions with
no chloride components, and ferric chloride ions with no sulphate components. The resulting
spectra were compared to observations using the 1D radiative transfer model SOCRATES, which
was adapted to study Venus. The best fit was found for an initial FeCls concentration of ~2.5 wt%
in the mode 1 cloud droplets, of which ~1.75 wt% remains as unreacted ferric chloride (the rest
of the iron having formed ferric sulphate by reaction with the sulphuric acid of the droplets). The

absorbance spectra that produced the best fits are presented in Figure 6.1.
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Figure 6.1. Measured molar absorptivity spectrum (per total fitted concentration of Fe, red) of a
solution of FeCls in 76.5(5) wt% H>SO4 with small amounts of HCI. Best fit to MESSENGER
observations was for an initial 2 — 3 wt% FeCls in the cloud droplets. Partial reaction to form
ferric sulphate ions has occurred. When the ferric sulphate contribution is removed by the fitting
algorithm, the absorptivity of the chloride contribution only can be calculated (blue). The best
fit to MESSENGER observations was for 1.5 — 2 wt% FeCls. Spectra are reported in both molar

absorptivity (primary axis) and cross-section (secondary axis).

By inclusion of iron chemistry in the Venus PCM, the formation of FeCl; from meteoric iron and
atmospheric HC1 and Cl has been modelled, and the accumulation of FeCls; over long times
estimated in 1D with a coagulation and sedimentation model of the atmosphere. By comparison
of the three models, ~40% of the observed absorption can be explained by the meteoric source of
iron. It should be noted that there are significant and unconstrained uncertainties in this estimate
relating to the sedimentation rate of the particles, the chemical lifetime of the FeCls in the cloud
droplets, and the uncertainty in input flux of meteoric iron on Venus. These uncertainties may
increase or decrease the FeCls; by more than a factor of two, so it is possible that a purely meteoric

source of FeCls could fully explain the Venusian unknown UV absorption.

6.1.2 Broader implications
Sulphur chemistry in the Venusian atmosphere remains a significant unsolved problem for the

field. In particular, observations show a decrease of SO, concentration with altitude by at least
three orders of magnitude (from ~150 ppm below the clouds to ~10 — 100 ppb above the clouds,
see Figure 3.13). The major loss process of SO, through the clouds is thought to be oxidation and
reaction with water to form sulphuric acid, which condenses to form cloud droplets with
additional water. This process requires an equivalent amount of H,O to be destroyed as SO, but
the observed water decrease is significantly smaller. An additional SO, sink in the cloud layer is

therefore required.
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One possible sink is a sulphur-containing species: polysulphur, polysulphur oxides, and OSSO
have all been proposed as candidates. However, even with artificially low SO, concentrations
below the clouds, the modelled OSSO cannot provide a significant sink of sulphur through the
clouds, and modelled SO» concentrations above the cloud layer exceed observations. The reaction
of OSSO to form polysulphur or polysulphur oxides is beyond the scope of this work, but OSSO

alone cannot provide the required sulphur sink, and other mechanisms must be considered.

Increased uptake of SO; into the cloud droplets has been proposed if the droplets are somehow
buffered or decreased below the saturation ratio of SO,. Rimmer et al. (2021) proposed the
inclusion of hydroxide salts in the cloud droplets as a potential buffering method. An alternative
could be iron ions, which could increase uptake of sulphur by, for example, formation of ferric
sulphate in the middle and lower clouds, permitting additional SO, uptake into the droplets. The
role of heterogeneous chemistry on the surface of the droplets and reactions within the bulk must

be considered, and further study is necessary to explore these possibilities.

In addition to the potential increase in SO, uptake, the inclusion of FeCl; particles in the cloud
droplets has been proposed to solve other open questions regarding Venus, such as the refractive
indices measured from glory patterns observed near opposition (Markiewicz et al., 2014; Petrova,
2018; Petrova et al., 2015) if it is also present in the mode 2 particles. This could be achieved if
chloride-containing MSPs act as CCN — as proposed by Knollenberg and Hunten (1980) —
providing either refractive inclusions (undissolved MSPs) or an absorbing homogeneous liquid
(ferric chloride ions), the two possibilities proposed for the cause of the glory measurements by

Petrova (2018), or a mixture of the two if some components of the MSPs do not dissolve.

6.2 Future work
The study of the Venusian atmosphere is best carried out through a combination of laboratory

measurements, modelling work, and observations. Future work based in the findings of this study

in each of those three areas is outlined here.

6.2.1 Laboratory work

6.2.1.1 Iron chemistry
Initial measurements of the FeCls + H,SO4 reaction reveal a highly complex system. The reaction

is clearly affected by the concentrations of the reagents, and in particular by the chloride
concentration in the solution. In this work, the chloride concentration has been varied by the
addition of HCIl. However, the concentrations added clearly exceeded the saturation of the
solution, leading to visible escape of gas (presumably HCI) from the samples. As such, the HCI1
concentration and therefore the total Cl concentration in the solutions, could not be reliably
ascertained throughout the course of an experiment. If the HCI concentration in the headspace
above the sample could be measured, the HCI concentration within the liquid phase could be
calculated. This technique was not possible with the equipment available for this study, but would

provide a better understanding of the concentration of chloride in the solution. As the chloride
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concentration seems likely to be the rate-limiting factor in the reaction, its study is vital for more
robust estimates of the instantaneous FeCls concentration in the cloud droplets in the Venusian

atmosphere.

In addition, the identification of the species formed during the reaction would be beneficial in
understanding the observed behaviour. In this work, ferric chloride ions are assumed to form ferric
sulphate completely — that is to say, that no intermediate iron-chloride-sulphate complexes are
formed. This seems unlikely, and may account for the uncertainties in the concentrations produced
by the fitting algorithm (Chapter 4). The combination of multiple spectroscopy techniques, such
as Raman or infrared spectroscopy simultaneously with UV-Vis spectroscopy, may be able to
identify intermediate species formed during the reaction, or otherwise help constrain the rate of

reaction and decrease the uncertainties in concentration and rate reported in Chapter 4.

Finally, comparison of this work with that of Jiang et al. (2024) shows clear differences: they
report the formation of copiapite, rhomboclase and acid ferric sulphate from ferric chloride, but
no further reaction is observed in this work after ferric sulphate ions form, even after months. The
reason for this difference is unclear, but is likely due to the low concentrations of FeCl; used (i.e.,
the minerals form in undetectably low concentrations and do not sediment out of solution) or the
high concentrations of chlorides in this study, which may be preventing the formation of the
minerals. Further study of the iron-sulphur-chlorine system is clearly required to better understand

the chemistry and formation of the different species.

6.2.1.2 OSSO measurements
While calculations of OSSO absorbance spectra have been reported (this work; Frandsen et al.,

2020; Frandsen et al., 2016, see Figure 3.2), experimental measurements are scarce. Wu et al.
(2018) measured spectra they identified as the OSSO isomers (combined with other species), but
their reported spectra, made in a matrix isolation experiment, are very different from the predicted
spectra. While some differences are to be expected (as seen, for example, with the measured and
calculated FeCls spectra presented in Figure 5.17), the absorption spectra reported by Wu et al.
show significant differences, including strong absorption at wavelengths far too long to be
consistent with the Venusian unknown UV absorber (Figure 3.2). Two possibilities for this
discrepancy exist: the spectra measured by Wu et al. are not of the OSSO isomers, as they
reported, but for other products formed during the reaction; or the measured spectra are of OSSO,
and the calculated spectra are unreliable, meaning that the OSSO absorption spectrum is
inconsistent with the Venusian absorber. To distinguish these two cases, experimental
measurements of gas phase OSSO are required. These measurements are challenging due to the
short lifetime of both OSSO and the SO it is produced from under achievable laboratory
conditions, but gas-phase measurements are the only way to remove the uncertainty associated

with the matrix isolation method used by Wu et al.
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However, while the accurate quantification of OSSO absorption spectra is necessary for
atmospheric modelling — OSSO will be produced in the Venusian atmosphere by the known
sulphur chemistry that takes place there — it is extremely unlikely that the “true” absorption
spectrum of the isomers would be sufficiently strong to overcome the two to three orders-of-
magnitude discrepancy in the current modelled OSSO concentrations. Therefore, no matter what
the absorption spectrum of OSSO is measured to be, it does not seem to be a viable candidate for

the unknown UV absorber.

6.2.2 Modelling work
The chemistry and microphysics in the clouds of Venus are clearly areas in need of further study.

The current PCM cloud model is simplistic, with mass ratios of the different cloud modes
prescribed and the system forced to be in equilibrium at all times, with no sub- or super-saturation
of condensing gases (limited to H,O and H>SO,) permitted. Development of a more sophisticated
cloud model, taking account of the non-equilibrium conditions that could occur in the clouds, and
modelling the condensation, evaporation, and settling of the cloud droplets and their coagulation
with other droplets or MSPs, would allow for more robust study of the cloud system. The uptake
of MSPs (and FeCls specifically) into the cloud droplets could then be comprehensively modelled
to more directly predict the FeCls absorbance that can be provided by meteoric ablation. The rates
of uptake of FeCls into the cloud droplets and of the growth and settling of cloud particles would
provide an estimate of the lifetime of iron in the atmosphere to improve the estimated iron flux

that would be required to maintain the observed absorption.

Within the droplets, complex chemistry is expected between the meteoric iron (and other metals),
sulphur, and chlorine, as well as any other gases that may interact with the droplets. Some degree
of modelling will therefore be required (in addition to laboratory measurements) to fully
understand the system. If the rate of reaction of the FeCls in sulphuric acid can be reliably
measured, the reaction in the cloud droplets will further constrain the required FeCl; concentration
in the atmosphere to explain the absorption. Furthermore, the addition of liquid phase chemistry
to atmospheric models would provide a means to test SO uptake into droplets as an additional

SO, sink through the clouds.

6.2.3 Missions and observations
Variations have been seen in the observed NUV absorption by different spacecraft-based

instruments and ground-based observations over decades (Lee et al., 2022; Pérez-Hoyos et al.,
2018; Pollack et al., 1980, Figures 1.2 and 1.31). However, the available spectra were measured
many years apart by different instruments, so the effects of variation between different
spectrometers cannot be separated out from the short- or long-term variability of the shape of the
absorption. A period of sustained observation by a single spectrometer would allow the change in

shape over time to be studied reliably. If the variation in shape can be quantified, the cause can
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be considered: it may be either the same species which varies in location, or a combination of

different species which vary in ratio.

This may be measurable with the low resolution channel of the VenSpec-U instrument on the
proposed upcoming ESA EnVision mission (Lustrement et al., 2024). The low-resolution channel
of the UV spectrometer (spectral range 190 — 380 nm) will only be sensitive to the shorter
wavelengths of the absorption, but may provide the best available continuous spectral dataset over

time for the study of the variation of the unknown UV absorber.
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A. Iron chemistry predictions —J.M.C.Plane

A1l Iron chemistry in the Venus PCM
A list of all iron chemistry added to the Venus PCM in this work can be found in Table 5.1. Many

reactions in the table have been included in previous models (see Table 5.1 footnotes). Novel
reactions, which have not been included previously in models of Fe in the upper atmospheres of
Earth (Feng et al., 2013) or Mars (Whalley & Plane, 2010), are identified with footnote 5 in Table

5.1. The calculation of these rate constants is detailed below.

A1.1 Additional reactions of Fe species included in the Venus PCM
The reaction enthalpies of the new chemistry reactions were calculated at the complete basis set

CBS-QB3 level of theory (Montgomery et al., 2000) within the Gaussian 16 suite of programs
(Frisch et al., 2016), and are listed in Table A.1. Table A.2 contains the molecular parameters
(geometry co-ordinates, rotational constants and vibrational frequencies) of the reactants and
products, calculated at the B3LYP/6-311+g(2d,p) level of theory (Frisch et al., 2016). The

molecular geometries are illustrated in Figures A.1 and A.2.
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Table A.1. Reaction enthalpies (at 0 K) for the additional reactions of Fe species predicted in
this work that are included in the Venus PCM. The reader is referred to Table 5.1 (page 200) for

a full list of reactions and references.

No. | Reaction AH;’ (0 K) / kJ mol™
7 FeO, + CO, (+M) — OFeCO; -71.9
8 OFeCO; + O — FeCO; + O, -111.1
9 FeCO; + CO, (+M) — FeCO05.CO, -111.4
10 | FeCO;.CO, + O — OFeCO; + CO;, 274.8
11 FeCO;3.CO; (+M) — FeCO; + CO, +111.4
12 | FeCO; + HCl — HOFeCl + CO; -332.8
13 FeCO0;.CO, + HCl — HOFeCl + 2CO;, -221.5
14 | HOFeCl + HCl — FeCl, + H,O -71.8
15 | FeCO; + Cl — OFeCl + CO, -330.4
16 | FeCO;5.CO, + Cl — OFeCl + 2CO, -219.0
17 | OFeCl + Cl — FeCl, + O -20.0
18 | FeCl-H,0 + Cl — FeCl; + H,O -141.8
19 | FeCl, + H,O (+ M) - FeCL.H,0 -79.5
20 | FeCls + CO; (+M) — FeCl;.CO, 423
21 FeCl3.CO; (+M) — FeCl; + CO, +42.3
33 FeO' + CO; (+M) — FeO'.CO; -126.3
35 | Fe'.CO, + CO; (+M) — Fe'.(COy), -49.8
36 | Fe'.CO,+ O — FeO' + CO;, -270.8
37 | Fe'.(CO2)2+ O — FeO'.CO, + CO, -347.3
38 | FeO'.CO, + CO; (+M) — FeO' .(COy), -78.7
39a | FeO'.CO, + O — FeO," + CO, -134.1
39b | FeO".CO,+ O —» Fe'.CO, + O, -100.0

The neutral bimolecular reactions 8, 10, and 12 — 18 are significantly exothermic and do not have
raised barriers on their potential energy surfaces. These reactions were therefore assigned a typical
capture rate coefficient with a small temperature dependence (Smith, 1980). The ion-molecule
reactions 36 and 37 were assigned somewhat higher capture rate coefficients with no temperature

dependence, consistent with Langevin theory (Smith, 1980).
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Reactions 7, 9, 19, 20, 33, 35 and 38 are recombination reactions. Their rate coefficients were
estimated using electronic structure theory within the Gaussian 16 suite of programs (Frisch et
al., 2016) to determine reaction energies and molecular parameters, combined with RRKM theory
using the MESMER program (Glowacki et al., 2012). MESMER assumes that the reaction
initially forms an excited adduct, which can either dissociate back to the reactants or be stabilized
by collision with the third body, into any minimum on the potential energy surface. The internal
energy of the adduct was divided into a contiguous set of grains (width typically 40 cm™). Each
grain, which contains a bundle of rovibrational states, is then assigned a set of microcanonical
rate coefficients for dissociation back to the reactants. In this study these microcanonical rate
coefficients were linked by inverse Laplace transformation to the high-pressure limiting
recombination coefficients, set to the capture rate determined using long-range transition state
theory (Georgievskii & Klippenstein, 2005). The rovibrational densities of states were calculated

from the molecular parameters in Table A.2.

The exponential-down model (Gilbert & Smith, 1990) was used to estimate the probability of
collisional transfer between grains. The average energy for downward transitions (AE)down Was
set to 300 cm™ for N, at 300 K, with no temperature dependence. The resulting temperature-
dependent rate coefficients were then multiplied by a factor of 2.5 to account for the increased
efficiency of CO; (the major component of the Venusian atmosphere), compared with N» (Gilbert
& Smith, 1990). The rate coefficients for the thermal dissociation of FeCO;.CO; and FeCl;.CO,
(reactions 11 and 21), which are weakly bound clusters and hence prone to dissociation at
temperatures below 300 K, were then determined by detailed balance. These rate coefficients are

listed in Table 5.1.

Table A.2. Molecular properties of the Fe-containing molecules illustrated in Figures A.1 and

A.2, calculated at the B3LYP/6-311+g(2d,p) level of theory.

Molecule Geometry Rotational constants Vibrational
(spin (Cartesian co-ordinates | (GHz)* frequencies
multiplicity) | in A)* (em™)®
Neutral molecules
FeCl Fe, 0., 0.,-0.116
5.1619 406
(quartet) Cl,0,0.,2.016
Fe, 0., 0., 0.
FeCl, 82 (x2), 344
_ CLo0.,0.,2.150 1.5632
(quintet) 493

CLo0.,0.,-2.150
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Fe, -0.002, 0.123, -0.033
Cl, 2.149, 0.501, 0.022

68, 91, 94, 187, 291,

FeCl,.H,O Cl, -2.152,0.504, 0.021 318,
) 5.0752 1.5541 1.1910
(quintet) 0, 0.000, -2.054, -0.201 330, 444, 535, 1612,
H, 0.785, -2.532, 0.093 3781, 3886
H, -0.781, -2.536, 0.096
Fe, 0., 0., 0.
FeCls CL -0.0, 2.147, 0. 89, 102 (x2), 356,
2.08872.0887 1.0443
(sextet) Cl, 1.859, -1.073, 0. 457 (x2)
Cl, -1.859, -1.073, 0.
Fe, 0.076, 0.097, 0.047
CL, -0.124, 0.079, 2.198
16, 36, 90, 90, 106,
Cl, -0.264, 1.962, -0.988
FeCl3.CO; 117, 132, 178, 353,
Cl, -0.405, -1.735, -1.013 | 1.1371 0.7345 0.6985
(sextet) 435, 443, 654, 662,
C, 3.047, -0.867, -0.649
1365, 2409
0, 2.325, -0.0857, -0.159
0, 3.776, -1.618, -1.122
Fe, 0.,0.,1.178
0, 0., 1.110, -0.333 157, 388, 465, 636,
FeCO; 12.817 2.7548 2.2674
) C0,0.,-1.134 793, 827,915, 1024,
(quintet)
0,0.,0.,-2.330 1799
0,0.,-1.110, -0.333
Fe, 0.235, 0.122 0.007
0, 1.937, 0.997, 0.006
21, 25, 80, 130, 158,
C,2.521, -0.221, 0.009
260, 382, 453, 643,
FeCO0;.CO, | 0, 3.697,-0.452,0.010
3.3662 1.0016 0.7719 651, 657, 794, 803,
(quintet) 0, 1.535,-1.174, 0.011
927, 1066, 1353,
C, -0.296, 3.012, -0.002
1795, 2411
0, -0.799, 1.946, 0.001
0, 0.141, 4.069, -0.006
FeO, Fe, 0.005, 0., 0.003
(quintet) 0, -0.001, 0., 1.611 35.974 8.3452 6.7738 289, 919, 960
0, 1.430, 0., -0.739
Fe, 0.014, 0.007, -0.212
HOFeCl Cl, 0.036, 0.020, 1.949 105, 107, 395, 446,
1105.8 2.5042 2.4986
(quintet) 0, -0.055, -0.030, -1.993 718,3908

H, 0.542, 0.299, -2.667
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Fe, 0.742, -0.283, -0.003
0, -0.605, 1.002, -0.003

66, 90, 179, 400,

OFeCOs3 C, -1.541, 0.040, 0.001
. 12.839 1.7797 1.5631 453, 638, 741, 788,
(quintet) 0, -2.723, 0.140, 0.003
905, 955, 1045, 1832
0, -0.842, -1.153, 0.002
0, 2.227, -0.940, -0.004
Fe, -0.0, 0.465, 0.
OFeCl
0, 0.001, 2.118, 0. 2.7157 44 (x2), 401, 882
(sextet)
Cl, -0.001, -1.709, 0.
Tonized molecules
FeO" Fe, 0., 0., 0.084
15.0963 830
(sextet) 0,0.,0.,1.725
0O, 1.778, 0.255, 0.
FeOf
0O, 1.767, -1.069, 0. 36.004 7.5765 6.2593 400, 451, 1165
(sextet)
Fe, -0.037, -0.393, 0.
Fe, 1.022, 0.0, 0.0
42 (x2),
0, 2.661, -0.001, 0.0
FeO".CO» 101 (x2),
C, -2.191, 0.002, 0.0 1.1955
(sextet) 265, 628 (x2),
0, -1.009, 0.001, 0.0
854, 1382, 2449
0, -3.328, 0.002, 0.0
Fe, 0.054, -1.638, 0.002
Fe".CO, 0O, 1.470, 0.001, -0.001 38, 196, 636,
895.52 1.6097 1.6068
(sextet) C, 2.398,0.733,0.0 637, 1357, 2424
0O, 3.291, 1.441, 0.0
Fe, -0.006, -1.436, 0.001
0O, 1.467, 0.258, 0.001
30, 34, 44, 59, 90,
C, 2.557,0.706, -0.0
Fe'.(CO,) 133, 190, 643, 644,
0, 3.612, 1.145, -0.001 3.0364 0.7759 0.6180
(sextet) 645, 647, 1352,

0, -1.496, 0.236, 0.005
0, -3.651, 1.101, -0.003
C,-2.591, 0.672, 0.001

1359, 2390, 2426
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FeO".(CO»),
(sextet)

Fe, -0.164, -0.157, -0.239
0, -0.173, -0.060, 1.410
C,2.613,0.207, -1.792
0, 1.469, 0.034, -1.550
0,3.712,0.371, -2.045
C, -3.023,-0.714, -1.553
0, -4.138, -0.908, -1.691
0, -1.865, -0.512, -1.432

22,24,33,67,91,
95, 108, 236, 248,
3.0486 0.6359 0.5261 | 640, 641, 644, 646,
842, 1362, 1365,
2422, 2436

99 "o oo

Figure A.1. Molecular geometries calculated at the b3lyp/6-311+g(2d,p) level of theory: (a)
FeCl; (b) FeCly; (¢) FeCl.HO; (d) FeCls; (e) FeCls.COy; (f) FeCOs; (g) FeCO3.COz; (h) FeOy;

(i) HOFeCl; (j) OFeCOs; (k) OFeCl.
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Figure A.2. Molecular geometries calculated at the b3lyp/6-311+g(2d,p) level of theory: (a)
FeO"; (b) FeO"; (¢) FeO".COy; (d) Fe'.COy; (e) Fe'.(COx)y; (f) FeO™.(CO)»

A1l.2 Photochemical reactions
The absorption cross-section of each molecule was calculated for its first 30 excited states, using

Time-Dependent Density Functional Theory (Scalmani et al., 2006) with the 6-311+g(2d,p) basis
set from the Gaussian 16 suite of programs (Frisch et al., 2016). The resulting cross-sections are
illustrated in Figure A.3 (see Figure 5.3 for the cross-sections of FeCls; and FeCl;.CO,). The cross-
section was then convolved with the solar actinic flux taken from the semi-empirical SOLAR2000
model (Tobiska et al., 2000) (averaged over a solar cycle), and adjusted to the orbit of Venus. The
photodissociation threshold was set to be the wavelength corresponding to the lowest energy
dissociation pathway: FeCl (340 nm); FeCl, (257 nm); and FeCls (379 nm). For FeCOs.CO,,
FeCl;.CO; and OFeCQs, these thresholds are beyond 1000 nm.
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o 16817 4
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Figure A.3. Absorption cross-sections of FeCl, FeCl,, FeCOs, FeCO;.CO; and OFeCO:s,

calculated using Time-Dependent Density Functional Theory with the 6-311+g(2d,p) basis set.
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