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Abstract It has been proposed that two isomers of the SO dimer (cis- and trans-OSSO) are candidates for
the unknown UV absorber in Venus' atmosphere because they have a good spectral match with the absorber,
despite the low concentrations predicted by 1D photochemical models. Here OSSO chemistry (production from
SO and loss by photolysis, thermal decomposition, and reaction with O and Cl) has been included in the
photochemistry scheme of a 3D planetary climate model (PCM-Venus) along with sulfur injection due to
meteoric ablation. 1D multiple scattering radiative transfer modeling is then used to predict the resulting top-of-
the-atmosphere reflectance produced by OSSO. The modeled OSSO concentrations are shown to be ~3 orders
of magnitude too low to explain the observed absorbance levels, and the predicted ratio of the OSSO isomers
provides an unsatisfactory match to the spectral shape of the unknown absorber.

Plain Language Summary Strong absorption is observable in Venus' atmosphere in the near-
ultraviolet wavelength region. A combination of isomers of the SO dimer (OSSO) have previously been
proposed as the cause of this absorption. Using 3D photochemical and dynamical atmospheric modeling,
including state-of-the-art kinetics, we predict the concentration of OSSO in the Venusian atmosphere. Using
radiative transfer modeling, we predict the effect the modeled concentration of OSSO would have on the
observed Venusian reflectance and compare to published observations taken by the MASCS instrument on
board the MESSENGER spacecraft in 2007. We find that the predicted OSSO concentration is too low to
explain the observed absorption by a factor of 1000 and conclude that OSSO cannot be a major contributor to the
unknown UV absorber on Venus.

1. Introduction

Patches of inhomogeneous near-UV (NUV) absorption were first observed in Venusian clouds in 1927
(Ross, 1928), and have since been extensively investigated (e.g., Molaverdikhani et al., 2012; Rossow et al., 1980;
Titov et al., 2012; Travis et al., 1979; Yamazaki et al., 2018). Many candidates for the absorber have been
proposed (see e.g., Titov et al. (2018)). Observed correlations with SO, may indicate that the absorber is a sulfur-
containing species (Yamazaki et al., 2018), although the apparent correlation may arise from contributions from
the unknown absorber at wavelengths generally assumed to correspond to SO, alone (Lee et al., 2021).

The combination of two isomers of the SO dimer (S,0,)—cis- and trans-OSSO, “OSSO” collectively—were
proposed to be a significant contributor to the unknown UV absorption due to its ready formation from gas
phase SO and good spectral agreement with the shape of the NUV absorber (Frandsen et al., 2016, 2020).
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 modeling 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 2% cyclic-S,0, (henceforth cyc-S,0,, the terminology is defined in Table S1 in Supporting Infor-
mation S1). This result was supported by measurements of these species as the products of SO + SO combination
in a matrix isolation experiment (Wu et al., 2018).
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Figure 1. 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 S1 in Supporting Information S1). Calculations are at the
wlbd level of theory (Barnes et al., 2009).

However, 1D photochemical modeling of the sulfur cycle in the Venusian atmosphere found that OSSO con-
centrations were two orders of magnitude too low to explain the observed UV absorption (Krasnopolsky, 2018;
Pinto et al., 2021). Pinto et al. (2021) report modeled profiles for cis-OSSO, trans-OSSO and a fourth isomer,
trigonal-S,0, (henceforth rrig-S,0,), with a peak concentration ratio of 64:16:20%, while Krasnopolsky (2018)
reported a cis-OSSO:trans-OSSO ratio after photolysis of 82:18%, with no mention made of a third isomer. It
should however be noted that Pinto et al. and Krasnopolsky both assume 70:30% production of the cis- and trans-
isomers.

In this work, we revisit the reaction kinetics of the SO + SO reaction and investigate the kinetics of S,0, with
atomic O, which has been detected above the clouds, and Cl1 (Hiibers et al., 2023). We then develop and use a
whole atmosphere 3D model to predict the occurrence of the S,0, isomers in Venus' atmosphere, and hence
determine the resulting top-of-the-atmosphere (TOA) reflectance resulting from absorption by S,0,.

2. Modeling
2.1. Reaction Kinetics and Photochemistry

Rate coefficients for the reactions of SO and the S,0, isomers were estimated by combining electronic structure
(ab initio quantum theory) calculations with Rice-Ramsperger-Kassel-Markus (RRKM) statistical rate theory.
The electronic structure calculations were carried out using the Gaussian 16 suite of programs (Frisch et al., 2016)
to determine the nature of the potential energy surface (PES). The vibrational frequencies, rotational constants
and energies of the stationary points (reactants, intermediates, transition states and products) of each reaction
were calculated using the w1 Theory with Unrestricted Coupled Cluster and Brueckner Doubles (w1bd) method
(Barnes et al., 2009; Frisch et al., 2016). The relative energies are consistent with those predicted by Hochlaf
etal. (2021). The PES for SO + SO is illustrated in Figure 1. An RRKM calculation of the rate coefficients to form
the S,0, isomers was performed using the Master Equation Solver for Multi-Energy well Reactions (MESMER)
program (Glowacki et al., 2012). See Supporting Information S1 for the vibrational frequencies and rotational
constants of the stationary points (Table S2), and further details of the calculation (Georgievskii & Klippen-
stein, 2005; Gilbert & Smith, 1990). The resulting rate coefficients are listed in Table 1. 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 trig-S,0, (Figure S1 in Supporting Information S1), so reaction on the triplet surface should not be
an important source of S,0,.
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Table 1
Reactions and Rate Coefficients Describing S,0, Chemistry That Have Been Added to the PCM-Venus Model

No. Reaction Rate coefficient®

1 SO + SO (+CO,) — cis-0SSOP ky = 3.85 x 107" (1/298)7>%
k= 1.1 x 107 (17298)167 ©
Fo =042
=il ¢is-0SSO (+CO,) = SO + SO k,/(1.02 x 10727 exp(17231/T))
2 SO + SO (+CO,) — trans-0OSSO” ky = 2.82 x 1073 (7/298)7®
k= 1.1 x 107 (17298)*1¢7 ©
Fo =042
-2 trans-OSSO (+CO,) — SO + SO ky/(1.73 x 107 exp(15395/T))
3 SO + SO (+C0,) — c¢yc-S,0,” ko = 4.24 x 10732 (1/298) 7%
k= 1.1 x 107 (17298)*167 ©
Fo =042
-3 cyc-S,0, (+CO,) = SO + SO k3/(6.75 x 10728 exp(13392/T))
4 ¢is-0SS0, trans-0SSO0, and cyc-S,0, + O — SO, + SO 1.1 x 10710 (7/298)%167 ©
5 ¢is-0SS0, trans-0SSO and cyc-S,0, + Cl — CISO + SO 1.1 x 10710 (7/298)%167 ©
6 CISO + O — CI + SO, 1.1 x 10710 (7/298)%167 ©
Photolysis reactions
7 J(cis-OSSO) 0.11
8 J(trans-OSSO) 0.23
9 J(cyc-S,0,) 95x 1073
10 J(CISO) 0.11

#Units: photolysis reactions, s~ bimolecular reactions, cm’> molecule ™ s™'; termolecular, cm® molecule ™ s~ See Sup-
porting Information S1 for a detailed description of how these rate coefficients were calculated or estimated. "For recom-
bination reactions the low pressure and high pressure limiting rate coefficients and the broadening factor (F,) are defined in
Burkholder et al. (2019). “Set to a hard-sphere collision rate coefficient typical for a barrierless reaction.

The optical absorption cross-sections of the relevant S,0, isomers and CISO were calculated 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 S5 in Supporting Information S1. 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' orbit. The resulting photodissociation
reactions are listed in Table 1. These TOA rates were fixed at all levels in the PCM-Venus model (during
daytime); 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.

Inspection of Figure 1 indicates that singlet cis-OSSO, trans-OSSO and cyc-S,0, will be produced at temper-
atures below 350 K (i.e., pertinent to the upper clouds of Venus), with cis-OSSO being the major product because
it is the most stable of these isomers and they are connected by submerged barriers TS1 and TS2. The most stable
isomer, rig-S,0,, is not accessible at low temperatures because of the 23.3 kJ mol™" barrier above the entrance
channel (TS3).

A full list of all sulfur chemistry in the PCM can be found in Table S3, with a summary of changes to existing rate
coefficients in Table S4. Besides thermal dissociation and photolysis, the OSSO isomers could also react with SO,
CO, O, and Cl, which are all relatively abundant above 70 km. Reaction of OSSO with SO can only occur on a
triplet surface and was found to have a large barrier, so is not considered further. The PES for reactions with CO,
O, and Cl are shown in Figures S3-S5 in Supporting Information S1. Although the reaction of OSSO with CO is
quite exothermic (AH,°(0 K) = —203 kJ mol™Y), the reaction has a pronounced barrier of 155 kJ mol™!. Reaction
of OSSO with O can either produced SSO + O,, or SO, + SO. The first of these channels was explored in a recent
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paper by Francés-Monerris et al. (2022) as a route to making poly-sulfur. However, there is a substantial barrier of
68 kJ mol™" which will shut down this channel at low temperatures (Figure S3 in Supporting Information S1);
instead, the products SO, + SO should form through a highly exothermic channel (AH,°(0 K) = —404 kJ mol ™).
Atomic Cl should react rapidly with OSSO to form CISO + SO with no barrier (AH,°(0 K) = —88 kJ mol™h)
(Figure S4 in Supporting Information S1). The rate coefficients for these last two reactions were therefore
assigned a value close to the collision capture rate, with a small T dependence (Table 1).

2.2. 3D Photochemical Modeling

3D modeling is performed using the Venus Planetary Climate Model (PCM) with photochemistry (Lebonnois
et al., 2010; Stolzenbach et al., 2023). The horizontal grid has 96 latitude and 96 longitude bands (horizontal grid
size of 1.875° X 3.75°). The model is run with 78 pressure levels from the surface (9.2 x 10° Pa) t0 3.3 X 107% Pa
(180 km). The PCM previously included S,0, chemistry, but like other previous models (e.g., Krasnopol-
sky, 2016) treated all S,0O, present as the most stable isomer, trig-S,0,. Consideration of the potential energy
surface of the SO + SO reaction finds (in agreement with Frandsen et al. (2016), Krasnopolsky (2018), and Pinto
et al. (2021)) that this is not the case. This trig-S,0, chemistry is therefore removed and replaced by the detailed
chemistry of cis-OSSO, trans-OSSO, and cyc-S,0,.

The ablation of cosmic dust injects atomic sulfur into the atmosphere between ~100 and 125 km peaking at
115 km, well below the homopause (Carrillo-Sanchez et al., 2020). The meteoric sulfur flux is calculated by
scaling the modeled Na flux using mass abundances of 4.12% S and 0.47% Na, which are the weighted averages of
different meteoritic groups (Gémez Martin et al., 2017). The ablated sulfur atoms enter the atmosphere at
hyperthermal speeds, stripping O from CO, to produce SO (Gémez Martin et al., 2017).

2.3. Radiative Transfer Modeling

High resolution spectra were generated using a separate radiative transfer model for comparison to observations
from the MASCS spectrometer on the MESSENGER spacecraft (Pérez-Hoyos et al., 2018). Radiative transfer
modeling was performed using the SOCRATES (Suite Of Community Radiative Transfer codes based on
Edwards and Slingo) 1D multiple scattering radiative transfer code developed by the UK Met Office (Manners
et al., 2022a, 2022b). While SOCRATES has previously been developed to model Mars (McCulloch et al., 2023)
and exoplanets (e.g., Boutle et al., 2020; Eager-Nash et al., 2020), this is the first time SOCRATES has been
modified to model Venus. SOCRATES uses the two-stream approximation and correlated-k method to treat
absorption (Edwards & Slingo, 1996; Goody et al., 1989). It has 78 pressure levels from the surface to 180 km
(henceforth TOA) and 5 nm-wide spectral bands from 300 nm (the lower limit of MASCS observations) to
700 nm.

Due to the 300 nm lower limit, SO, is the only UV-absorbing gas modeled, other than the S,0, isomers. While
SOCRATES can model different atmospheric conditions, comparisons to MESSENGER are made with PCM
results from equatorial regions, near midday, with a zenith angle of 52° and a surface albedo of 0.1. SOCRATES
is initialized with the pressure, temperature, and gas and cloud mixing ratios from each level of the PCM. Aerosol
scattering and absorption coefficients are calculated for 75 wt% sulfuric acid using Mie theory for each cloud
mode (Knollenberg & Hunten, 1980). SO, UV absorption cross-section data is from HITRAN 2020 (Gordon
et al., 2022), and the S,0O, isomer cross-sections were calculated (Section 2.1).

3. Results

3.1. Key Sulfur-Containing Species Concentrations

PCM-Venus was run for 9.0 Venus days (1050.75 Earth days) to reach steady state, with the chemistry and
meteoric ablation of SO as described in Section 2.2. Figure 2 shows model profiles of SO, and SO compared to
observations (Belyaev et al., 2012; Bertaux et al., 1996; Bézard et al., 1993; Encrenaz et al., 2012; Gel'man
et al., 1979; Jessup et al., 2015; Krasnopolsky, 2010; Mahieux et al., 2023; Marcq et al., 2008; Na et al., 1994;
Oyama et al., 1980; Sandor et al., 2010).

SO, was initialized at 10 ppm near the surface, and maintains a near-constant mixing ratio from the surface to the
upper cloud layer (up to 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;
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Figure 2. Comparison of (a) SO, and (b) SO mixing ratio to observations. Model results are averaged from —30° to 30°
latitude. Dayside (nightside) is defined as the 140° longitude centered on the subsolar (antisolar) point to prevent capturing
terminators. SO dayside (red) profiles are toward the upper limit of or just above observations. SO, profiles are an order of
magnitude too low below the clouds and ~3 orders of magnitude too high above the clouds.
Gel'man et al., 1979; Marcq et al., 2008; Oyama et al., 1980). It is clear that a significant sulfur reservoir in the
cloud layer is missing from photochemical modeling of Venus (Vandaele et al., 2017, and references therein),
resulting in a negligible decrease in modeled SO, through the clouds. Recognizing this as a significant unsolved
problem for Venusian research, we chose a compromise value that under-estimates below-cloud observations, but
still overestimates above-cloud observations (Figure 2). This also demonstrates that S,0, does not provide a
significant above-cloud sulfur reservoir. We then make no further attempt to constrain the above-cloud SO,
concentration to observed levels, thereby maximizing the possible OSSO concentration.
On the dayside of the planet, SO is primarily produced by photolysis of SO, into SO and O. On both sides of the
planet, injection of SO by the ablation of cosmic dust contributes a modeled flux of 3.2 tonnes per Earth day,
peaking at 115 km (Carrillo-Sanchez et al., 2020; Gémez Martin et al., 2017). In Figure 2, the lack of photo-
lytically 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.
S,0, is most abundant in a thin layer (note 12 orders of magnitude across the log scale) near 70 km (Figure 3).
Higher concentrations of S,0, occur on the night side of the planet, by an order of magnitude near the peak of the
EGAN ET AL. 5of 10

95U8017 SUOWILIOD BA1TES1D 3|qedtjdde ay) Aq peusA0b aJe Sapile YO ‘3sN JO Sa|nJ oy Akeiqi8uljuO AB]1A UO (SUONIPUCO-PUR-SLLBYW0D A8 |1 AReiq 1 pui|uo//SdNL) SUONIPUOD PUe SIS 1 81 38S *[G202/20/LT] U0 ARiqiauliuo A8|IM ‘91SIBAIUN UG0S ap anbeyio!|qid Ad 060STT 19¥202/620T OT/I0p/wod A3 Im Areiqijpul|uo sgndnBe//sdny woiy papeojumod ‘v ‘G202 ‘L008YY6T



V od |
AGU

ADVANCING EARTH

AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL113090

Dayside average Nightside average
(midday £ 70°) (midnight = 70°)
a) b) —— (is-0SS0
150 1 150 1 ——~ trans-0SSO
cyc-S,0;

100 A 100 == —

T 50 Jem—

Low latitudes
-30° - 30°
Altitude / km

50 e

0 T T T 0 T T T
1072¢ 1077 10°** 10°*' 10°® 10°2° 107 10°* 10°'* 10°®

) d)

150 A 150 B
100 -\ 100 o \—-“t::)

—— g R Tm

50 L IS e —'-':- 50 ___________D

Mid latitudes
+30° - +60°
Altitude / km

0 T T T O T T T
10720 107 107M ot 3107 1072° 10°H  Joti* a07i:  107®

e) f)
150 1

100 \

50 e LR

High latitudes
+60° - £90°

Altitude / km

0 T T T O T T T
1072% 1o~" 107 10T 107% 10-2° 10~ 107 ot 10¢°

S,0; volume mixing ratio S,0; volume mixing ratio

Figure 3. Mixing ratio profiles of the three S,0, isomers in different latitude bands and local times. An average is taken
across 140° centered on the subsolar or antisolar points to avoid capturing the terminators in dayside and nightside averages,
respectively.

absorption, 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 colormap of S,0, column abundance above 60 km is shown in Figure S6 in Supporting
Information S1, illustrating the high concentrations on the night side. The dominant form of S,0, is cis-OSSO at
all altitudes above ~60 km, followed by trans-OSSO and then cyc-S,0,, 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 1).

Dayside production and loss, and the dominance of the different loss processes with altitude are shown in Figure
S7 in Supporting Information S1. The higher peak S,0, concentration at 60-80 km at night is attributed to the lack
of photolysis on the night side, as it is the dominant loss mechanism in this region on the dayside. The primary loss
mechanism above 70 km on the dayside and above 60 km on the night side 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
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Figure 4. SOCRATES modeled TOA reflectance for the PCM concentrations of OSSO and various scaling factors (see the
text for further details).

CO,) dominates the loss. Loss of S,0, by reaction with atomic chlorine is never dominant on the day side as the
ClI concentration is much lower than O in and above the cloud layer. Reaction with Cl becomes faster than O
below the clouds, but S,0, 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.

3.2. Modeled Reflectance

Using the Venus-PCM results after 9.0 Venus days, the TOA reflectance computed using SOCRATES (purple,
dashed line) is presented in Figure 4. The deep absorption shortwards of 320 nm is due to SO,, which is
significantly overestimated by the PCM in this run (see Section 3.1). 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) compared
to the PCM concentrations is attributed to the higher SO, concentrations below the clouds in observations. The
PCM-modeled S,0, concentrations are clearly insufficient to reproduce the strength of the NUV absorption
observed by MESSENGER (gray crosses, Pérez-Hoyos et al. (2018)).

We estimate the approximate scale of the deficit in S,0, by scaling the concentration profiles and find that an
increase of ~3 orders of magnitude (dark blue, dotted) is required in OSSO concentration to reach reflectance of
0.2-0.3 in the near-UV. However, note the poor agreement of the shape of the absorption spectrum, producing a
significantly narrower absorption region than observed. A broader absorption feature can be produced by
increasing the ratio of #rans-OSSO to cis-OSSO by a factor of 2 (green, dash-dotted), though note that the
agreement with observations remains poor, particularly from 400 to 500 nm. Moreover, there is no justification in
terms of the reaction kinetics for trans-OSSO being the dominant isomer, which all previous studies agreed is not
the case. The cyc-S,0, is, in all cases, scaled by the same factor as the cis-OSSO, and contributes negligibly to the
observed absorption (Figure S8 in Supporting Information S1).
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For direct comparison to previous work, which did not include S,0, reaction with O and/or Cl as a possible loss
mechanism (Frandsen et al., 2016; Krasnopolsky, 2018; Pinto et al., 2021), we investigate the sensitivity of the
OSSO concentrations to these reactions. Although examination of the PESs of the reactions of O and CI with
OSSO indicates no energy barriers with respect to the reaction entrance channels, and hence are assigned nominal
capture rate coefficients (Table 1), we performed a sensitivity analysis by considering two test cases: (1)
decreasing the rate coefficients by a factor of 100, and (2) removing the O and Cl reactions as loss processes for
S,0,. For test 1, the peak OSSO concentrations increase by factors of 4.0 and 2.9 for cis- and frans-OSSO,
respectively. For test 2, cis- and trans-OSSO increase by factors of 4.1 and 2.9 (Figure S9 in Supporting In-
formation S1). The majority of the changes in OSSO concentrations occur above 80 km where reaction with O is
the dominant loss mechanism. For both cases, the agreement with the spectral shape of the Venusian absorber is
worse due to a decrease in the fraction of trans-OSSO, and the resulting OSSO concentrations are too low to
match observations by two orders of magnitude (Figure S10 in Supporting Information S1), in agreement with
Krasnopolsky (2018) and Pinto et al. (2021).

4. Conclusions

We present here an updated sulfur chemistry network in the PCM-Venus model for three forms of S,0,: cis-
0SSO, trans-OSSO, and cyc-S,0,. We include meteoric ablation injection of SO above 100 km, and allow the
model to run to steady-state, increasing the cloud-level SO, significantly above observed levels to produce the
highest SO and therefore OSSO concentrations achievable. We find that S,0, cannot provide the missing sulfur
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:cyc-S,0,
and have no observable effect on the TOA reflectance as modeled by SOCRATES, a 1D multiple scattering
radiative transfer model. 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 CI (on the nightside)
from 40 to 70 km. Using this chemistry scheme, the OSSO concentrations are approximately three 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 spectral shape, a further factor of
two increase in trans-OSSO is required. If loss of OSSO with O and Cl is discounted, the OSSO concentration
increases, but is still two orders of magnitude lower than required to explain the absorption, and maintains poor
agreement with the spectral shape observed.

We therefore conclude that OSSO does not make a significant contribution to the Venusian UV absorption.

Data Availability Statement

Data for the theoretical calculations and figures is listed in Supporting Information S1. Other data plotted in the
figures, and PCM-Venus and SOCRATES model output are available (Egan et al., 2024).
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