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Abstract The nighttime ozone and sulfur dioxide distributions were analyzed using the entire
Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Venus (SPICAV) UV/Venus
Express stellar occultation data set. After the discovery of an ozone layer at 100 km in the mesosphere
reported by Montmessin, Bertaux, et al. (2011, https://doi.org/10.1016/j.icarus.2011.08.010), 132 other
detections were made during the entire 8 years long observing period of the SPICAV UV instrument.

In the rare detections, the peak abundances of O; accumulating in the mesosphere are observed with
densities from 10’ to 10* molecules-cm ™ at 85-110 km. The ozone layer is estimated to vary from 1 to 30
ppbv at 85-95 km while at 95-105 km the volume mixing ratio is expected within an interval from 6 to
120 ppbv. Below 93 km, a puzzling decrease of mixing ratio is observed towards midnight at 30°N. Our
work also provides an improved sequel to the analysis of the sulfur dioxide survey previously made in the
upper mesosphere by Belyaev, Evdokimova, et al. (2017, https://doi.org/10.1016/j.icarus.2017.05.002). On
average, the SO, content is found to remain constant throughout the vertical profile at a value of around
135 + 21 ppbv between 85 and 100 km. Rapid and large variations prevent to conclude firmly on any time
or space pattern of SO,.

Plain Language Summary Observations of light attenuation while bright ultraviolet stars
were rising or setting behind Venus permitted us to characterize the quantity of carbon dioxide (the main
atmospheric component), sulfur oxide, and ozone between 85 and 110 km of altitude at night. They were
performed by the Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Venus
(SPICAV) UV instrument on board the ESA Venus Express mission in 2006-2014. For the first time, this
data set has been entirely analyzed with the benefit of recent calibration's improvements enabled more
faithful restitution of gases’ abundances. For ozone, discovered on Venus in 2011, thanks to SPICAYV,

we have been able to detect maximum concentrations and to estimate its nightside characterization. At
midlatitudes, a ratio between ozone and carbon dioxide densities, or O; mixing ratio, decreases below

93 km at midnight. This puzzling result is tentatively explained by chemical compounds transported by
winds from the dayside hemisphere to the nightside and which are known to quickly react with ozone and
destroy it. Sulfur dioxide has been found to vary considerably on a short time scale (days) but, on average,
the SO, mixing ratio is constant within 85-100 km.

1. Introduction

The mesosphere of Venus is the most active photochemical and dynamical region of the planet. It holds
the key of the main components of the sulfur cycle that drives the formation of the thick sulfuric acid
cloud layers enshrouding Venus globally. Among the important questions remaining to be addressed is the
chemical interactions between several gaseous species that participate in establishing the equilibrium of the
major atmospheric chemical cycles. Among these species, sulfur and oxygen-derived compounds occupy
the central position. The absence of direct measurements of O, in a fundamental state has left a major gap
in our appraisal of Venus's atmosphere oxidizing capacity. It is nevertheless possible to gauge this capacity
indirectly by probing species related to the presence of oxygen. Ozone is among these species and together
with chlorinated species it can expose a substantial fraction of the main reactions presiding to the main
chemical cycles.
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Ozone on Venus was first discovered by Montmessin, Bertaux, et al. (2011) from the 250-nm absorption
Hartley band in Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Venus (SPI-
CAV) UV stellar occultation spectra. It was confidently detected in a few nightside sessions at altitudes
~100 km with local densities of 10 to 10° cm™>. Before this first detection the ozone presence was predicted
by photochemical models (Krasnopolsky, 2010; Mills et al., 2006; Yung & DeMore, 1999). More recently, an
analysis of SPICAV UV nadir dayside observations have established an abundance of O; of 10-20 ppbv at
the cloud top (~70 km) in the polar regions (Marcq, Baggio, et al., 2019), in agreement with Venus’ atmos-
phere general circulation simulations (Lebonnois et al., 2010). This detection in nadir geometry provides
access to the column-abundance of ozone above the cloud layer. The total ozone amount above the clouds
is about 0.1-0.5 Dobson units (1 DU is equivalent to 2.69 x 10" molecules per cm? or to a layer of ozone
that would have a thickness of 10 um under standard terrestrial temperature and pressure) (Marcq, Baggio,
et al., 2019) that is ~10 times less abundant than on Mars (Perrier et al., 2006) and >10° times less than on
the Earth.

As for sulfur, it is presumably produced by past or extant volcanic activity and it plays a key role in Venus
atmospheric chemistry. An unknown UV absorber at the cloud top diminishing the Venus’ albedo has been
associated with UV dark sulfur compounds (Frandsen et al., 2016; Krasnopolsky, 2006, 2017, 2018). Sulfur
dioxide (SO,) is the third most abundant gas in the Venus atmosphere. The oxidation of SO, and further re-
action with water vapor leads to the formation of cloud aerosol particles consisting of a 75%-80% H,SO, wa-
ter solution (Esposito et al., 1983). Thus, any significant variations of SO, abundance occurring in the upper
atmosphere are an indicator of a change in the global photochemical processes and/or dynamics on Venus.

The historical record of sulfur dioxide observations on Venus started in 1979 (Barker, 1979) reveals signif-
icant variations of its amount in time and space (see details on the SO, vertical distribution in a survey of
Vandaele et al., 2017a and on SO, temporal and spatial variations in Vandaele et al., 2017b). However, the
SO, was mainly watched in the daytime atmosphere. By now, the first stellar occultation experiment per-
formed by the SPICAV UV spectrometer on board the Venus Express spacecraft provided the most detailed
data set to study the SO, night content over clouds. It was accompanied by solar occultations executed in
IR and UV (SOIR/SPICAV UV) for a detailed study of the vertical distribution of minor species at morning/
evening terminators in two ranges of 65-80 and 85-105 km correspondingly. A minimum SO, abundance
of about 60 ppbv was detected at 70-80 km with an average variability of 80% (Mahieux et al., 2015). Over
85 km, on average, measured SO, volume mixing ratio (VMR) increased with altitude from 8-20 ppbv at
85-90 km to 50-180 ppbv at 100 km (Belyaev, Evdokimova, et al., 2017; Belyaev, Montmessin, et al., 2012).
The analysis of SO, content in the night upper mesosphere revealed 3-4 times higher abundance at the
midnight than one observed at the twilight at ~95 km and the smoothing of the difference at altitudes lower
95 km (Belyaev, Evdokimova, et al., 2017). The long-term variations at night and terminators showed some
sporadic maxima, however, they did not identify any trend at 90-95 km.

In this work, we are completing the previous analysis of the stellar occultation data obtained by SPICAV
UV which was aimed to study the SO, variations (Belyaev, Evdokimova, et al., 2017) and the first ozone
detection in the night upper mesosphere of Venus (Montmessin, Bertaux, et al., 2011). Compared to these
previous works, the present analysis is based on an improved calibration scheme described in Evdokimova
et al. (2020). It also takes into consideration the entire stellar occultation data set of SPICAV collected be-
tween 2006 and 2014.

2. Description of the Data Set

The ultraviolet channel of the SPICAV spectrometer on board the Venus Express spacecraft (Bertaux, Van-
daele, et al., 2007) has been orbiting around Venus from April 2006 to December 2014. A unique corpus of
stellar occultation data in the UV was collected in the mesosphere, composed of 690 observations performed
on the nightside of both hemispheres. The analysis of SPICAV UV spectra collected in the 118-320 nm
wavelength range with a 1.5-nm resolution has provided retrievals of CO, density and temperature (Pic-
cialli et al., 2015). This range includes absorption bands of carbon dioxide (118-200 nm), sulfur dioxide
(180-220 and 250-290 nm), and sulfur monoxide (190-220 nm), as well as Hartley's absorption band of
ozone (220-280 nm).
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SPICAV regularly performed observations in the stellar occultation mode for the entire 8-year period of
the Venus Express mission. In this work we analyze the complete data set of those measurements accumu-
lated from June 2006 to December 2014. On the dayside the high intensity of the scattered solar radiation
prohibits the use of the stellar occultation mode. For this reason all data collected at a tangent point with a
solar-zenith angle (SZA) smaller or equal to 95° were excluded from our analysis. Six hundred and ninety
occultations were made on the nightside. SPICAV observed 58 different bright UV stars that were permitted
to cover all longitudes and latitudes from 80°S to 80°N.

The stellar occultation is effective above the opaque aerosol haze located at 70-85 km (Esposito et al., 1983;
Luginin et al., 2016) and below 150 km which corresponds to the upper mesosphere (Belyaev, Evdokimova,
et al., 2017; Montmessin, Bertaux, et al., 2011; Piccialli et al., 2015). In addition to the observed gaseous ab-
sorption, the spectrometer coregisters UV emissions from the nitrogen oxide airglow at 190-270 nm and the
scattered radiation in the Lyman-alpha at 121.6 nm. Thus, the preliminary step of data processing concerns
the separation of the atmospheric absorption spectra from the UV emission spectra. One more preproc-
essing step is the wavelength calibration improved by Evdokimova et al. (2020) and which now compares
the reference spectrum of a star measured by SPICAV above 150 km with the same star spectrum found
in the IUE catalog (Boggess et al., 1978). Details of the preprocessing procedure are given in Evdokimova
et al. (2020). Transmission spectra at altitudes between 85 and 150 km are obtained from ratios of the star
spectra measured at these altitudes with the reference spectrum registered above 150 km in the same obser-
vation session. Stars, as point sources, permit an accurate determination of the Line of Sight (LOS) geome-
try. The vertical step between two consecutive transmission spectra varied from 1 to 8 km, and it was defined
by the overall geometry of the corresponding occultation. Each transmission spectrum is accompanied by
uncertainties which are calculated from raw data error values during the calibration steps (see details on
error propagation in Piccialli et al., 2015).

3. Data Analysis

Our analysis yields altitude profiles of SO,, O3, and CO, at every altitude probed during the occultation
sequence. Absorption by SO overlaps the SO, band but the spectral resolution of SPICAV prevents its sepa-
ration from SO,, the main absorber. We consider a fixed ratio between sulfur monoxide and sulfur dioxide
of 1/50 which is based on microwave observations (Sandor et al., 2010) of the nighttime mesosphere. Ab-
sorption by CO,, SO,, SO, and O is the product of the gas wavelength-dependent cross sections with their
local density integrated along the instrument LOS. The resulting attenuation of the signal is given by the
Beer-Lambert law that states that a source attenuation is equal to the exponential of minus this absorption.

Cross sections of CO,, SO,, SO, and O3 absorption bands used in the analysis are the same as in Montmessin,
Bertaux, et al. (2011), Belyaev, Evdokimova, et al. (2017), Marcq, Baggio, et al. (2019), and Marcq, Lea Jes-
sup, et al. (2020). We also considered the effect of Rayleigh scattering in the CO,-atmosphere, which is sig-
nificant below 100 km in the UV range (Ityaksov et al., 2008). The spectral slope of the aerosol opacity was
approximated by so-called “a-model,” where 7, is a reference value fitted at A,f = 235 nm and Angstrom
coefficient a is related to the radii of the H,SO,-haze particles (see e.g., Belyaev, Evdokimova, et al., 2017;
Wilquet et al., 2009, for details). The a-assumption in the 150-300 nm range was demonstrated equiva-
lent to the Mie theory for the case of Martian aerosols (Mdittdnen et al., 2013; Montmessin, Quémerais,
et al., 2006).

Our fitting routine is based on the adjustment of five atmospheric parameters: slant densities of three gas-
eous components, CO,, SO,, and Os, and two aerosol parameters t,f and a. The best fit of the modeled
transmission Troa(4) to the measured one Tey,(1) was based on the Levenberg-Marquardt algorithm, which
searches for the minimum of the )* function by adjusting all five parameters. For each guess of the fitted
atmospheric parameters, we estimated the reduced y* value: y* = E[(Texp(Ai) — TH,(ml(A,-))/cSe,q[,(/L-)]z/Nfree over
all the spectral points, where Jexp(4;) is the uncertainty of Texp(4;) and N is the number of free (fitted) pa-
rameters. Retrieved slant concentrations are converted into local densities by the regularized onion-peeling
method described in details in Quémerais et al. (2006).

The densities of sulfur dioxide and ozone are close to the detection limit. Thus, the spectral inversion prob-
lem was divided into three iterations since the contribution of CO, and aerosol continuum absorptions is
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Figure 1. Positive detection of SO, at an altitude of 87.3 km in stellar occultation session #0103A07. The observation
was done on August 2, 2006, with corresponding parameters: the latitude of —3.9°, the longitude of 241.9° and local
time of 23.37 h. (a) Measured transmission spectrum with error bars (black solid curve with error bars); aerosol
continuum (red dashed line), modeled transmissions considering absorption of CO, (blue solid line), and absorption
of CO, and SO, (red solid line). The synthetic spectra were convolved by the instrumental line shape. (b) Residuals of
the difference between the observation and the two different models normalized by the experimental error bars. The
blue solid curve corresponds to the model covering the CO, absorption. The red solid curve corresponds to the model
considering the CO, and SO, atmospheric absorption. Dashed black lines signify the error bar limits.

much stronger, whereas absorption bands of sulfur and ozone compounds are well separated spectrally.
In a first step, three parameters of the CO, slant density and the aerosol opacity parameters 7, and « are
retrieved without ozone and sulfur oxides. In a second step, the fourth parameter of the SO, slant density
is added to the previous iteration set to describe SO, and SO absorption. The ozone abundance is still as-
sumed to be equal to 0. In a third step, we add the Hartley band of O; absorption to the algorithm. At this
point, there are four free parameters relating to SO, and Oj; slant densities as well as the aerosol 7,f and a.
To reduce the number of free parameters, the CO, density is fixed to the value retrieved from the previous
best fit. This approach is reasonable since there is no overlap between the O; and CO, absorption bands in
the 150-300 nm wavelength range.

We claim a positive detection of any minor species in the observed spectrum when the y* decreases after
adding the SO, or O; molecular absorptions to the fit. We compare the y* values of best fits at each iteration.
The detection is considered positive if the ratio ¥*(SO,, CO,)/x*(CO,) is lower than 0.95. An example of pos-
itive identification of significant sulfur dioxide absorption at an altitude of 87 km is presented in Figure 1a.
In this case, )* is reduced by a factor of 0.74. A better correspondence of the model with the SO, absorption
included is evident when considering residuals normalized to the experimental errors within the SO, ab-
sorption band of 190-220 nm (Figure 1b).

Ozone absorption describes a spectrum concavity in the range of the Hartley band, that is around 250 nm
(Figure 2a), which is placed right between the two SO, absorption bands. Therefore, O; and SO, bands
do not interfere with each other and this allows a simultaneous and independent retrieval of SO, and O;
densities (Figure 2a). However, ozone is less abundant than sulfur dioxide in the Venus mesosphere. More-
over, uncertainties in the data increase in this spectral range due to the overlapping emission band of NO
(Evdokimova et al., 2020). Thus, the positive detection (Figure 2) criterion was modified with respect to the
SO, case. In addition to the y* reduction, we analyzed a histogram representing the distribution of the trans-
mission residuals within the Hartley absorption band (Figures 2b and 2c). A proof of the goodness of fit is
given when the Gaussian is symmetric about zero. If the histogram fulfills this requirement without con-
sidering ozone absorption, we can conclude that ozone is absent from the analyzed spectrum. Conversely,
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Figure 2. A case of positive O; detection at an altitude of 93.69 km in the stellar occultation session #0303A20. The
observation was done on February 18, 2007, at the latitude of —11.8°, the longitude of 192.6°, and local time of 20.7 h.
(a) Measured transmission spectrum with error bars (black solid line); aerosol absorption (green dashed line); modeled
transmissions considering CO, and SO, absorption (in red) and absorption of CO,, SO,, and Os (in green). (b and c)
Histograms of transmissions residuals. (b) The model without Os. (c) The model including absorption by three gases.

an offset of the Gaussian maximum would reveal an unaccounted absorption due to ozone, and that the
spectrum needs to be fitted with ozone included in the model (Figure 2b). Moreover, the final Gaussian
distribution after adding ozone to the retrieval was also checked against symmetry about zero (Figure 2c).
To filter out noisy spectra hiding a weak O; absorption, we considered only spectra when the mean-width
of residual histograms is lower than 0.05.

Both SO, and O; appear to be highly variable in time, and some observations do not lead to a firm detec-
tion. Seventy-five percent of the SO, detections correspond to * reduction of more than 10%. The observed
ozone absorption is weaker than SO,. Only half of the Os positive detections corresponds to y* reduction of
less than 10%. The mean detection limit of O; is estimated to be equal to (3.3 + 0.1) x 10" cm™ within the
90-110 km altitude range. In general, retrieved O; concentrations are close to detection limits and do not
exceed them by more than a factor of 4. The SO, detection limit is (5.8 + 0.2) x 10" cm™ in the 90-110 km
range. The SO, detection limit is observed at an altitude of about 100 km. Below 100 km, the retrieved SO,
slant density is 2-10 times higher than the corresponding detection limit. All sessions containing at least
one positive detection of SO, and Oj; are presented in Figures 3a and 3b correspondingly.

4. Ozone Content Variability

Ozone detection in the night mesosphere of Venus is found to be sporadic. Out of the entire SPICAV-UV data
set (690 observations), only 132 sessions delivered at least one positive detection of O, that is 154 spectra.
Among them, 41% spectra show a confident signature where the y* improvement around the Hartley band is
decreased by more than 10% when including ozone. Generally, only one to a few points can be derived from
an individual orbit, preventing a detailed study of spatial or temporal variations of ozone content. The pos-
itively detected local densities from all observations are grouped in Figure 4. In the observed altitude range,
ozone local densities vary between 107 and 3 x 10® cm™ depending on altitude. The continuous increase
of O; VMR equal to a ratio between ozone and carbon dioxide local densities was observed for the whole
altitude range. Figure 5 represents statistical distribution of obtained VMR. (All the observational sessions
with positive ozone detections are presented individually in Figure S1 in the Supporting information). The
median value changes from 10 ppbv at 85 km to 600 ppbv at 108 km. The histograms (Figures 5b.1-5b.6)
representing a dispersion of retrieved values within 5-km bins display the low statistics.
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Local time and latitude distribution of observations in 2006-2014

Cases of SO2 retrievals Cases of O3 retrievals

O Non-detection
% Positive detection

Figure 3. Local time and latitude distribution of observed locations where sulfur dioxide (a) and ozone (b) were
detected (pentagrams) and not detected (circles).

The scarcity of ozone detections indicates that the SPICAV UV instrument could only register peak con-
centrations. A compilation of these values does not represent the mean distribution of O; VMR. In fact, the
median curve of measured peaks can only represent the profile of the maximum values of O; occurring in
the nightside mesosphere. The number of ozone occurrences decreases with increasing altitude from 8% at
85-90 km to 4% at 100-105 km. Accounting for nondetections, the mean lower value can be deduced from
each 5-km altitude bin. Its value increases with altitude from 1 ppbv at 85-90 km to 6 ppbv at 100-105 km.
The area between the minimum and the maximum value profiles is the first estimation to limit the mean
vertical profile of O; VMR in the night mesosphere (see Figure 9 in Section 6).
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Figure 4. A compilation of ozone positive detections from the entire SPICAV UV data set of 2006-2015. Local densities of Os (a), corresponding local densities
of CO, (b), and ozone volume mixing ratios (c). The color refers to the orbit number of Venus Express. SPICAV, Spectroscopy for the Investigation of the
Characteristics of the Atmosphere of Venus.
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Figure 5. (a) Vertical median profile of the nighttime ozone volume mixing ratio derived from the SPICAV UV observations (the black curve with standard
deviation). The color bar indicates the number of points within one bin of 5 km. (b.1-b.6) The right six panels are histograms of values within 5-km bins to
represent the stability of the median VMR profile. SPICAV, Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Venus; VMR, volume

mixing ratio.

The subsolar to antisolar (SSAS) circulation and subsequent advection of oxygen, hydrogen, and chlorine
atoms controls the oxygen chemistry at these altitudes at night (Bertaux, Nevejans, et al., 2007). The reac-
tion between hydrogen and ozone forms OH emission (Bates & Nicolet, 1950; Piccioni et al., 2008). The
downwelling oxygen atoms recombine through several processes, producing ozone and excited oxygen
molecules that relax to their ground state to form the O, (alAg) airglow. Both emissions were observed by
the VIRTIS instrument of Venus Express. Similarities between O, and OH emission profiles were reported
(Gérard et al., 2010) with the brightness picked at 96 + 2 km and the intensities increasing toward the an-
tisolar point. Ozone is expected to follow an opposite trend due to the convergence of reactants in the same
area. Nevertheless, Figure 3b demonstrates that the statistics of ozone detections is too poor for an accurate
correlation analysis. A few observations made around the antisolar point have not revealed any detection
(Figure 3b). Moreover, there is no explicit ozone dependence on latitude and local time.

The densest coverage of detections is found at 20°-40°N latitudes, which allows for a deeper inspection
of the local time and long-term variability. Here, the increase of VMRs with altitude is more pronounced
around midnight where minimal ozone VMRs below 93 km were obtained. At higher altitudes the mini-
mum disappears (Figure 6a).

The evolution of the ozone mixing ratio at different altitudes through 8 years does not reveal any noticea-
ble trend (Figure 6b). However, some short-term fluctuations of the abundance can be spotted in the time
series. This finding indicates that the mesosphere is first and foremost dominated by rapid changes in its
composition which may be tied to changes in the circulation, the latter being as the most likely candidate to
produce variations of that kind.
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Figure 6. Local time (a) and long-term (b) variability of the ozone volume mixing ratio (ppbv) retrieved at the latitude zone of 30° + 10°N where the biggest
number of observations and detections were obtained. Various colors represent different altitude bins of 5 km.

5. Reanalyzing of the Sulfur Dioxide Distribution

Previously, about 263 observation sessions were reported with CO, and SO, volume density profiles re-
trieved within the altitudes of 85-105 km (Belyaev, Evdokimova, et al., 2017). Those stellar occultations
correspond to the period from June 2006 to June 2014. In the present paper, we complement these statistics
with 110 additional sessions, thus covering the whole Venus Express operating time from June 2006 to
December 2014. The analysis of SO, variations was performed based on 373 retrieved altitude profiles, in
general, constituted by two or more points over 83 km. Our data set has been produced with the improved
data processing algorithm described in Evdokimova et al. (2020).

The SO, abundance shows significant variability. The VMR retrieved from different observational sessions
can differ by up to 1 order of magnitude. This variability is not explained by data uncertainties. On aver-
age, the derived SO, VMRs feature has a relative uncertainty of about 30%. Figure 7a presents the vertical
distribution of the SO, VMR which fluctuates around a median value of about 135 ppbv. SO, VMRs were
grouped in 2 km altitude bins to compute the local median. In the altitude range from 84 to 100 km, the
VMR is nearly constant around 120-160 ppb, while above 100 km it increases up to 300 ppbv. However, this
altitude interval is marked by a sharp reduction of the number of retrieved values as the detection limit is
approached (Figure 7b). The majority of SO, detections are found in the altitude range from 85 to 100 km.
Above 100 km, the number of retrievals per histogram element is smaller than 10. The behavior of the SO,
vertical mixing ratio profile differs from the previously reported increase with altitude (Belyaev, Evdoki-
mova, et al., 2017), where values were found to increase from 20 + 10 ppbv at 85-95 km to 200 + 100 ppbv
at 100-105 km. This correction discussed in Section 6.2 is determined by a sensitivity of the retrieved CO,
concentration to the accuracy of the wavelength-to-pixel assignment which was improved since and was
described in Evdokimova et al. (2020). In addition, the VMR is calculated by dividing the SO, density to CO,
density with both values retrieved simultaneously. Our values of SO, VMR display a significant variability.
The data set does not cover the nighttime hemisphere in detail (Figure 3a) limiting the scope of our study
of the SO, spatial distribution. The variations of SO, were examined depending on different parameters of
the observation: local time, year, and SZA.
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Figure 7. (a) Median profile of nighttime SO, volume mixing ratio derived from SPICAV UV (black curve with standard deviation). The colors refer to the
number of points included in one bin of 2 km size. (b.1-b.5) The five right panels are histograms representing the distribution of values within bins of 5 km.
SPICAV, Spectroscopy for the Investigation of the Characteristics of the Atmosphere of Venus.

5.1. Local Time Variations

The whole data set was analyzed for a local time variability of the SO, VMR. The data were splitted by
30 min’ intervals. The weighted mean was calculated within each bin. We selected two 5-km thick intervals
of 85-90 and 90-95 km where retrieved values are more numerous (see Figures 8b.2 and 8b.3). The analysis
considers the number of points constituting the average values in each bin which are represented by his-
tograms below the distribution (Figures 9b.1 and 9b.2). There is a slight VMR decrease suggested from the
evening terminator until 02:00 where the VMR changes from 111 + 36 ppbv at 20:00 to 82 + 40 ppbv at 02:00
(Figure 9a.2). On the other hand, we do not observe any specific pattern in the 85-90 km range (Figure 9a.1)
in frames of the statistical dispersion.

5.2. SZA Variations

We consider only deep nightside observations with SZA > 95°. Unfortunately, the SZA range of 160°-180°
is too rarely observed to be statistically significant. Figure 9c presents the VMRs with respect to SZA values,
with data divided into 4°-wide bins along the SZA dimension. The weighted-mean values and correspond-
ing standard deviations were calculated within each bin. The minimum of VMRs was noticed in the range
of 120°-150° while slightly higher values were measured around 110° for the both altitude intervals (Fig-
ures 9c.1 and 9c.2).

5.3. Long-Term Evolution

Long-term variations show strong variability in the sulfur dioxide content (Figure 9¢). We analyzed annual
variations of SO, abundance grouping the values by 1 year’ intervals and a weighted mean was computed
for each interval. Looking at the variability, one can distinguish two periods of higher VMR values, before
2010 and after that, with a local minimum around 2010. However, for each bin, short-term variations dom-
inate and result in large standard deviations.
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Figure 8. Weighted-mean SO, VMR variations with local time (a.1, a.2), solar-zenith angle SZA (c.1, c.2), and year
(e.1, e.2) for two altitude ranges of 85-90 km (1) and 90-95 km (2). The data are binned by 2 h of local time, 10° of SZA,
and 1 year correspondingly. Red and white square bins with statistical dispersion include >5 and <5 individual points
respectively. The (b), (d), and (f) panels represent the number of individual points for one bin. Black dashed lines in the
histograms correspond to the level of five points. VMR, volume mixing ratio; SZA, solar-zenith angle.

6. Discussion
6.1. Nighttime Ozone Distribution

Ozone was observed during the entire observational period of SPICAV UV. The firm discovery by Montmes-
sin, Bertaux, et al. (2011) at 90-100 km was supplemented by detections at the altitude 85-110 km range.
However, in our work, the majority of occultations resulted in a single detection point per ozone profile.
Since the observations were done with a vertical step of 1-8 km, a single O; occurrence is localized within a
narrow altitude interval that should be less than 10 km. Thus, the experiment is only sensitive to peak ozone
abundances which are close to the detection limit. The observed values vary by 1 order of magnitude with
a slow decrease with height. The slant density of the mean detection limit of 3.3 X 10"° cm™? corresponds to
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Figure 9. (a) Vertical median profile of the ozone VMR (black triangles) binned by 5 km. Two 1D chemical models are presented: Yung and DeMore (1999)
(solid blue line) and Kranopolsky (2013) (dotted lines). The model results of Krasnopolsky (2013) are presented for different chlorine flux conditions. (b)
Overview of the sulfur dioxide vertical distributions obtained by different instruments above the clouds. Curve styles and colors are given in the legend box.
Three 1D chemical models are presented: Zhang et al. (2012) (red solid line), Krasnopolsky (2012) (yellow solid line), and Krasnopolsky (2013) (green dotted
line). The vertical median profile of the SO, VMR obtained from this work (black triangles) binned by 2 km. All the occultation results are presented with a
dispersion of +10. Cloud top observations of SO, and O; and the JCMT measurements of SO, are represented with the full variety of data. VMR, volume mixing

ratio.

~10 ppbv at 90 km and ~100 ppbv at 105 km. In general, this exhibits a pattern of increasing O; VMR profile
obtained from the SPICAV UV data set (Figure 5a).

Analysis of positive detections’ statistics allowed to estimate the lower and upper boundaries for the mean
VMR of ozone, which is observed to increase with altitude. Values are enclosed in a range of 1-30 ppbv at
85-90 km and 6-120 ppbv at 100-105 km (Figure 9). The models that predict ozone distribution are consist-
ent with our observations. The 1D photochemical model of Yung and DeMore (1999) describes an increase
of ozone from ~1 ppbv at 90 km to a maximum of ~12 ppbv at 100-105 km (Figure 9a) while above 105 km
the amount decreases sharply. The nighttime model of Krasnopolsky (2013) considers a chemistry induced
by fluxes of O, N, H, and Cl in the upper mesosphere. In particular, it demonstrates an influence of different
Cl flux conditions on the ozone production within 80-110 km (Figure 9a). The compiled amount of ozone is
about 5-12 x 10® cm ™ (10-30 ppbv) within the pronounced ozone layer at 90-98 km (Figure 9a). Note that
the theoretical behavior of ozone cannot be corroborated by SPICAV UV above 105 km where the number
of detections is quite low.

The nighttime behavior of ozone is therefore not reliably established. The few observations performed close
to the antisolar point did not provide any detection (Figure 3b). It seems to be the result of a fast ozone
destruction process related to the reaction with chlorine radicals transferred to the nightside by the SSAS
circulation (Montmessin, Bertaux, et al., 2011). However, the best statistics was accumulated in the midlat-
itudes of the Northern Hemisphere (30° £ 10°N), which is distant from the antisolar point. Above 93 km,
there is no variation with local time. Below, a minimum of VMR is perceptible at 11:00-12:00 p.m., although
the weak statistics makes it difficult to firmly conclude on the disappearance of ozone near the antisolar
point (Figure 3b). The midnight minimum for O; below 88 km (Figure 6a) around the 30°N latitude might
be also considered as the effect of mesospheric circulation pattern. The difference in altitude between the
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airglow peaks and the ozone minimum is puzzling, yet may reveal the time scale involved for forming and
then destroying (both with H and CI) the bulk of O; as the air masses plunge deeper.

6.2. Sulfur Dioxide Distribution

On average, the SO, VMR profile is found to remain around 135 + 21 ppbv in the altitude range of 85-
100 km. This value is at least 2 times higher than the maximum VMR = 66 + 2 ppbv at 85-100 km obtained
by the JCMT ground-based observations (Sandor et al., 2010). A smaller value, 12 + 4 ppbv in 70-100 km
was reported by millimeter and submillimeter ALMA observations (Encrenaz et al., 2015), more in agree-
ment with Belyaev, Evdokimova, et al. (2017) values at the terminator (Figure 9) obtained in the solar occul-
tation mode around the Northern pole.

There are no other SO, observations in the same altitude range. Sandor et al. (2010) showed that the SO,
abundance in the 85-100 km range is much larger than in the 80-85 km range, suggesting the presence
of a strong sink of SO, below 85 km. Below 83-85 km, the atmosphere becomes opaque for the UV stellar
occultation to infer SO, behavior. Both morning and evening terminators were also investigated by the solar
occultation experiment SOIR on board Venus Express in the IR. It was sensitive to observe SO, abundance
in the 65-80 km range (Mahieux et al., 2015). A minimum of about 60 ppbv was detected at 70-80 km with
significant variability (~80%). Unfortunately, probing the 65-85 km region was only possible near the ter-
minator but not on the night side.

A possible local time asymmetry was observed in the range of 90-95 km where VMRs seem to decrease
from evening to morning. Such behavior is questionable. It should be noticed that a similar asymmetry was
recently deduced from a study of the Venusian atmospheric circulation in the 90-110 km range based on
tracking the O, (a'A,) airglow features (Gorinov et al., 2018). As it was shown, velocities of two opposite
flows in zonal directions from evening and morning terminators toward midnight reach zero values around
22.5 + 0.5 h. This asymmetry in the zonal flow would affect chemical species involved in SO, photochemis-
try, such as chlorinated species and oxygen atoms.

Our revised values of the sulfur dioxide VMR do not exhibit a clear increase with altitude as reported previ-
ously (Belyaev, Evdokimova, et al., 2017). Significant improvements have been added to the data processing
since this earlier work. In particular, the retrieved CO, abundances are very sensitive to wavelength cali-
bration which received a major rework (Evdokimova et al., 2020). This has deeply affected SO, VMR where
CO, absorption saturates. This explains why the main differences between the older and the updated SO,
retrieval are located below 95 km, whereas above SO, VMRs are in agreement. However, at 85 km, the differ-
ence between our estimates and those of Belyaev, Evdokimova, et al. (2017) reaches a factor of 10. It should
be mentioned that calibration improvements could not be implemented to solar occultations presented by
Belyaev, Evdokimova, et al. (2017), since the wavelength registration and UV emissions’ signal elimination
are treated differently between solar and stellar occultations.

7. Conclusions

The current analysis is aimed to examine the O; and SO, content in the Venus upper mesosphere (85—
110 km) at night. Both species were simultaneously retrieved from the entire stellar occultation data set of
atmospheric transmission spectra obtained by SPICAV UV on board Venus Express. Data corresponds to
SZAs exceeding 95° and covers local times from ~18:00 to ~06:00. We conclude the following results:

(1) For the first time, ozone in the night atmosphere of Venus was monitored for 8 years and was detected
in 132 observations. A low amount was retrieved, with local concentrations decreasing from 10° to
107 cm ™ at 85-110 km. The retrieved values correspond to peak ozone concentrations while, in general,
each detection constitutes a single point per profile.

(2) O3 VMR can be estimated in the 85-105 km range considering the detection limits and the number
of positive detections. The derived value corresponds to an interval from 1 to 30 ppbv at altitudes of
85-95 km while at 95-105 km the VMR is between 6 and 120 ppbv. The ozone mixing ratio is increasing
with altitude.
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(3) Ozone detections are sporadic. Individual observations show significant changes in VMR in time and
space. Temporal variations were studied in detail in a latitude zone of 30°N+10° where the best cover-
age was achieved. The local time distribution of ozone content might show a dependence with altitude.
Below 93 km, there may be a decrease toward midnight from the terminators. This minimum flattens
higher up in the mesosphere. The pattern is presented only for the 30°N-latitude zone where the obser-
vation statistics is dominant. The long-term variations, in turn, did not reveal any significant trends.

(4) The median VMR of SO, remains around 135 + 21 ppbv in the range of 85-100 km. In comparison
with the previous study of Belyaev, Evdokimova, et al. (2017), a smaller vertical gradient of SO, volume
density was found. The change of values is strongly related to the improved calibration method that
now enables the derivation of more consistent CO, concentration values and thus of the relative mixing
ratios of trace gases. This reanalysis includes improved calibrations implemented from Evdokimova
et al. (2020).

(5) Variations of sulfur dioxide content were investigated based on 373 observational sessions. The short-
term variations reach one degree in magnitude. In detail, the local time dependence was studied for
the interval from 19:00h to 5:00h. A possible local time asymmetry relative to midnight is highlighted.
The SO, mixing ratio may be decreasing from the evening terminator to 02:00h at the altitude range of
93-97 km.

Data Availability Statement

The retrieved local densities profiles of O3, SO,, and CO, are available in Mendeley Data (Evdokimova, D.
(2020). Sulfur dioxide and ozone in the Venus mesosphere from SPICAV UV stellar occultations, Mendeley
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