Icarus 429 (2025) 116417

Contents lists available at ScienceDirect

Icarus

journal homepage: www.elsevier.com/locate/icarus

ELSEVIER

L))

Check for

Night O, (alAg) airglow spatial distribution and temporal behavior on | e
Venus based on SPICAV IR/VEx nadir dataset

D. Evdokimova®', A. Fedorova®, M. Zharikova ™, F. Montmessin ¢, O. Korablev?, L. Soret ¢,
D. Gorinov“, D. Belyaev®, J.-L. Bertaux ©

& Space Research Institute of the Russian Academy of Sciences, Moscow, Russia
b HSE University, Moscow, Russia

¢ LATMOS, CNRS, UVSQ, Guyancourt, France

4 LPAP, STAR Institute, Université de Liege, Liege, Belgium

€ LATMOS, CNRS, Sorbonne Université, Paris, France

ARTICLE INFO ABSTRACT

The infrared Oz (alAg) airglow driven by the subsolar to antisolar circulation occurs between two global cir-
culation regimes on Venus: the zonal super-rotation below 90 km and the subsolar to antisolar circulation over
120 km. Here we report the complete global results of SPICAV IR/Venus Express observations of Oy (alAg)

Dataset link: Night O2 (alAg) airglow based
on SPICAV IR/VEx nadir dataset (Original

dat nightglow from 2006 till the end of the mission in 2014. The spectrometer resolving power of ~1000 at the
Keywords: considered spectral range was the highest among Venus Express instruments, and it was sufficient to resolve Og
Venus (alAg) airglow and thermal emission signals. The nadir spectra were fitted to a model representing these two
Atmosphere phenomena ensuring robust separation of the thermal emission, and so retrieval of the airglow intensity. Its

spatial distribution in the night hemisphere, averaged among 8 years of observations, shows the maximum in-
tensity of 1.4 &+ 0.8 MR located at 23H30 of local time and 0-5° N of latitude. A high variability of the airglow
was observed. “Bright spots”, i.e., those with an intensity above the global maximum, were observed over a
latitude range of 70°S-70°N with the majority occurring around the antisolar point. Lack of imaging capability
was an obstacle to track the short-term variations by SPICAV IR. A single observation sequence of 20 days
covering neighboring locations exhibits indications of airglow intensity fluctuations with a 5.4-day periodicity.
SPICAV IR working period covered the end of the 23rd Solar cycle and the solar activity increase of the 24th
Solar cycle. A correlation of the Oy (alAg) with the EUV solar flux increase predicted by global circulation model
simulations was not found.

IR spectroscopy

1. Introduction 0, (a'Ag) =0, (X%, ) +hv

The detection of ground-state oxygen on Venus remains an open
question, its upper limit being set at about 0.3 ppm (Mills, 1999).
However, photolysis of CO5 and other species in the sunlit atmosphere
sustains a high flux of oxygen atoms forming O3 molecules in three-body
recombination occurring at a high rate of ~10'® cm™? s7!
(Krasnopolsky, 2006). One chain of this process leads to the formation of
metastable Oy (alAg) molecules. It is followed by a radiative relaxation,
accompanied by the 1.27 pm emission, which constitutes the brightest
oxygen airglow observed on Venus (Bougher et al., 1997).
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The first identification of the 1.27-pm infrared emission on Venus
was made in 1975 from ground-based observations (Connes et al.,
1979), with an intensity of ~1 MR (1 MR = 106 photons/mz/s into 4w
sr). Since then, the O, (alAg) airglow was repeatedly observed by
various experiments at night, namely the Oy (alAg) “nightglow” (Alien
et al., 1992; Bougher and Borucki, 1994; Crisp et al., 1996). Images of
the Venus night side showed discrete spots observed mainly near the
antisolar point (Alien et al., 1992; Crisp et al., 1996; Lellouch et al.,
1997; Ohtsuki et al., 2005; Gérard et al., 2008; Ohtsuki et al., 2008a;
Bailey et al., 2008a; Piccioni et al., 2009; Shakun et al., 2010; Soret
et al.,, 2012). This pattern is largely determined by circulation in the

Received 29 March 2024; Received in revised form 6 November 2024; Accepted 27 November 2024

Available online 3 December 2024

0019-1035/© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://doi.org/10.17632/8tvbtzpg7h.1
https://doi.org/10.17632/8tvbtzpg7h.1
https://doi.org/10.17632/8tvbtzpg7h.1
https://doi.org/10.17632/8tvbtzpg7h.1
mailto:daria.evdokimova@cosmos.ru
www.sciencedirect.com/science/journal/00191035
https://www.elsevier.com/locate/icarus
https://doi.org/10.1016/j.icarus.2024.116417
https://doi.org/10.1016/j.icarus.2024.116417
https://doi.org/10.1016/j.icarus.2024.116417
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2024.116417&domain=pdf

D. Evdokimova et al.

Venus lower thermosphere above 120 km. A strong temperature contrast
between the sunlit and the dark parts of the atmosphere at these alti-
tudes generates fluxes propagating from the subsolar (SS) to the anti-
solar (AS) point, and forming so-called subsolar-to-antisolar (SSAS)
circulation (Bougher et al., 1997). This represents a constant supply of
the Venus night hemisphere with photolysis products of CO2 and other
species, that include oxygen atoms. Around the AS point, the fluxes
converge and plunge into deeper atmospheric layers. This mechanism is
supported by the discovery of a warm layer around the AS point in a
stellar occultation experiment (Bertaux et al., 2007a, 2007b; Piccialli
et al., 2015). The temperatures at 90-100 km increase from 180 K to
230 K with the solar-zenith angle (SZA) in the night hemisphere, and it is
likely related to the air adiabatic heating by the downward flow
(Bertaux et al., 2007b). The rotational temperatures of Oy (alAg) airglow
forming in the same altitude range is a proxy for mesosphere tempera-
tures. Spatially resolved ground-based observations from different fa-
cilities found average O, (alAg) rotational temperatures 183-189 K
(Ohtsuki et al., 2008b) and 181-196 K (Bailey et al., 2008a; Bailey et al.,
2008b).

The altitude of the emission was theoretically predicted at 90-115
km (Alien et al., 1992; Crisp et al., 1996; Bougher et al., 1997). It was for
the first time confirmed directly using limb observations by the VIRTIS
imaging spectrometer on board the Venus Express (VEx) spacecraft of
the European Space Agency (ESA) (Drossart et al., 2007b). Instead of
being quenched by collisions with CO», about 80 % of the excited Oy
(alAg) molecules emit photons at altitudes where the airglow reaches its
maximum intensity (Gérard et al., 2008). In general, the altitude of the
O (alAg) airglow intensity maximum tended to increase towards the
terminator (Soret et al., 2012; Gérard et al., 2014) varying within
90-103 km with an average value of 96 + 2 km (Gérard et al., 2010).

The nightglow altitude appears located in the transition region be-
tween two global circulation patterns of the Venus atmosphere: the
zonal supper-rotation below 90 km and the SSAS circulation over 120
km. The transition between them is not yet fully characterized, and the
0, (alAg) emission is an important circulation tracer for remote sensing
of this altitude range. The radiative lifetime of O, (@' Ag) state is ~4300 s
(Miller et al., 2001), and it is twice as long as the measured time of an
airglow bright patch displacement (Hueso et al., 2008; Soret et al.,
2014). Based on these results, it was suggested that the changing airglow
morphology could represent winds at 96 km (Hueso et al., 2008; Soret
etal., 2014; Gorinov et al., 2018; Shakun et al., 2023). Using the VIRTIS-
M consecutive snapshots, velocity vectors were estimated in the range of
0-213 m/s with an average of 54 m/s at ~96 km (Soret et al., 2014).
Independent analyses by Hueso et al. (2008), Gorinov et al. (2018) and
Shakun et al. (2023) showed that the zonal flows of SSAS circulation
converge at 22.5 + 0.5 h of local time. However, the Oy (alAg) bright
spots are not only affected by horizontal transport. The intensity changes
can also be caused by vertical transport (Alien et al., 1992; Crisp et al.,
1996; Gérard et al., 2014; Soret et al., 2014; Navarro et al., 2021) and
changes in chemical recombination of atomic oxygen or by variations in
atmospheric temperature or density (Ohtsuki et al., 2008a; Navarro
et al., 2021). According to the Venus Planetary Climate Model (Venus
PCM) (Navarro et al., 2021), a change of volume emission rate at 95 km
would be 50 % due to chemical contribution, 30 % due to horizontal
transport, and 20 % due to vertical transport. Og (alAg) bright spots at
latitudes above 30° with intensities exceeding 2 MR should be mainly
influenced by supplying or removing of O atoms (Navarro et al., 2021).
Chemical contribution results also in keeping the nightglow patches
active longer than the lifetime of Oy (aIAg) state or, conversely, their
dramatic variations on 1-day scale. Vertical transport by different types
of gravity waves can explain some patterns of observed effects including
double intensity peaks in the vertical profile (Altieri et al., 2014), short-
term variability around the anti-solar point (Brecht et al., 2011; Hoshino
et al., 2012), and the propagation of airglow spots to high latitudes
(Navarro et al., 2021), but cannot reproduce the overall high level of
nightglow variability. The most recent global circulation models showed
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substantial impact of upward propagation of Kelvin waves appearing in
the middle cloud layer (Nara et al., 2020; Navarro et al., 2021; Takagi
et al., 2022). It is proposed to be a cause of Oy (alAg) bright spots
transferring to high latitude, suggesting short-term variations (~4 days)
of their brightness (Navarro et al., 2021). This periodicity was observed
in the cloud tops (Nara et al., 2019, 2020) and in EUV dayglow
(Masunaga et al., 2015, 2017). Retrieved wind flow disturbances
possibly related to underlying mountains were identified in the airglow
dataset despite the high altitude of the emission (Gorinov et al., 2018).
The topography influence on wind has been derived for the cloud level
altitudes (Bertaux et al., 2016; Khatuntsev et al., 2017; Fukuhara et al.,
2017; Kouyama et al., 2017), and mountain waves have been shown
theoretically to be capable of propagating above 90 km (Mingalev et al.,
2015).

Venus Express worked at the end of the 23rd Solar cycle and the first
half of the 24th Solar cycle. The UV solar flux periodicity is the main
external force driving the changes in the thermosphere through the EUV
heating on the day side above 130 km. Bougher and Borucki (1994)
studied an influence of different solar flux conditions on the nightglow
intensities in the framework of the VIGCM (Venus Thermospheric
General Circulation Model). Maximum and minimum fluxes differed by
a factor of 3 causing the nightglow peak intensity change by ~40 %
(Bougher and Borucki, 1994). In 2006-2008, the EUV solar flux changed
just by 10.4 % during the period covered by VIRTIS-M observations, and
a correlation analysis has found no evidence of the link with the Oq
(alAg) airglow brightness variability (Soret and Gérard, 2015).

We present the first complete analysis of the Oy (alAg) airglow ob-
servations carried out by the infrared (IR) channel of the SPICAV
(SPectroscopy for the Investigation of the Characteristics of the Atmo-
sphere of Venus) spectrometer over an unprecedented continuous period
of 8 years. This work covers almost the whole night hemisphere, and
extends the coverage of VIRTIS-M (2006-2008; Soret et al., 2014) by 6
more years. The SPICAV IR experiment is described in Section 2. The Oz
emission signal obtained by SPICAV IR is robustly extracted from
measured data contaminated by the thermal emission of the planet using
a radiative transfer model described in Section 3. VIRTIS-M and SPICAV
IR were part of the Venus Express payload and performed a few joint
observations dedicated to cross validation. Section 4 considers in detail
retrieved Oq (alAg) airglow data from collaborative observations. The
nightglow statistical map accumulated for 8 years of observations, a
detailed study of the brightest spots, short-term changes and a correla-
tion analysis with the solar activity increase in 2008-2014 are presented
in Section 5 with conclusions in Section 6.

2. SPICAV IR data description

SPICAV on Venus Express consisted of infrared (SPICAV IR) and ul-
traviolet (SPICAV UV) channels (Bertaux et al., 2007a). SPICAV IR was
developed at the Space Research Institute of the Russian Academy of
Sciences (IKI RAS), and its design was based on the IR channel of the
SPICAM (SPectroscopy for the Investigation of the Characteristics of the
Atmosphere of Mars) spectrometer working on board the Mars Express
spacecraft (Korablev et al., 2006; Korablev et al., 2012). The principal
feature of the spectrometer is an acousto-optic tunable filter (AOTF): a
birefringent crystal of TeOy with attached piezoelectric transducers
generating acoustic waves of radio frequency 80-250 MHz. The system
takes advantage of the Bragg’s diffraction of light on an ultrasonic
acoustic wave, becoming a narrowband variable filter. One SPICAV IR
spectrum is recorded sequentially by adjusting the AOTF filter to a series
of required wavelengths. The filter produced two separate output beams
with orthogonal polarization focused on two detectors. The instrument’s
main optical aperture allowed for the nadir and limb observations
within a circular field of view (FOV) of 2° of diameter (Korablev et al.,
2012). The Venus Express orbit was elongated with a pericenter close to
the North Pole, and the spacecraft altitude varied from 250 km to
66,000 km. As a consequence, the footprint diameter changed within a
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range of 9-2300 km in nadir, and the observations of the Southern
Hemisphere had lower spatial resolution.

The full spectral range of SPICAV IR is 0.65-1.7 pm. Two Si-InGaAs
photodiode detectors collect the two beams’ signal. The silicon layer is
sensitive to the short-wavelength radiation within 0.65-1.05 pm spec-
tral range, while the interval of 1.05-1.7 pm is sensed by the InGaAs
detector. To reduce the dark current, the detectors can be cooled by
built-in Peltier elements. The current study focuses on the long-
wavelength spectral interval, where the mean spectral resolution is
5.2 cm™! or ~ 1 nm. The integration time of one spectral point was 44.8
or 89.6 ms for night-side observations. This results in an extended
duration of the entire spectrum measurement. To obtain the maximum
amount of information during an orbit, the full spectral range of SPICAV
IR was restricted to 1.05-1.3 pm for the majority of observations of the
Venus night side. To reduce the time required for a single spectrum
measurement, it is also possible to increase the wavelength interval
between consecutive spectral points. The maximal and minimal wave-
length steps are about 2 and 7 nm, respectively. Examples of the
measured spectra are provided in the Supplementary material (Fig. S1).
The details of the instrument’s calibrations can be found in Korablev
et al. (2012). The measured signal was separated from the dark current
recorded independently at the beginning and end of an integration
period. The signal-to-noise ratio (SNR) has been estimated during the
Venus Express cruise phase by observing the Sun and Venus. It is equal to
50 for the longest exposure time of 89.6 ms and enabled Peltier coolers,
and the SNR is reduced by a factor of 2 without cooling the detectors
(Korablev et al., 2012). Measurement uncertainties of the spectrum are
estimated based on the SNR value proportionally to the square root of
exposure time. The wavelength calibrations are done based on the AOTF
parameters and the wavelength uncertainty is less than 0.2 nm
(Fedorova et al., 2015).

The SPICAV IR instrument was working during the entire mission
duration from April 2006 to December 2014. One of the main issues for
infrared emission observations is contamination from the sunlit hemi-
sphere. In the analysis, the SZA was limited in the range 95-180° to
minimize the sunlight influence. The corresponding local time range
was approximately from 18:20 to 5:40. This bulk of data was accumu-
lated almost over the entire Venus’ disk, where each year of
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observations was covering a different part of the globe. However, the
instrument’s footprint, variable along the orbit, made the coverage
sparse in the Northern Hemisphere, while observations of the Southern
Hemisphere were spatially smoothed. The calibrated data and the
observational geometry information are publicly available in the ESA’s
Planetary Science Archive (PSA).

Large footprints located in the Southern Hemisphere close to the
terminator include a fraction of scattered solar radiation seen as a
continuous spectral background. This contribution was removed from
the spectra by linear interpolation based on intervals 1.21-1.25 and
1.29-1.3 pm. In case of a strong contamination, the spectrum has been
excluded from the analysis. We also exclude contaminated spectra that
are measured in limited spectral ranges and that do not contain infor-
mation suitable for the background elimination. The data set comprised
more than 2300 sessions of observations, which correspond to approx-
imately 20,000 spectra. Of these, approximately half were obtained in
nadir. The spatial coverage and resolution of these observations are
presented in Fig. 1. The annual coverage is presented in the Supple-
mentary material, Fig. S2.

3. Data analysis

The extraction of the oxygen emission signal requires consideration
of (1) a Venus thermal emission model and (2) a theoretical definition of
Oy (alAg) airglow. The thermal emission of the Venus lower atmosphere
and surface escapes to outer space in the atmospheric transparency
windows, i.e., a narrow spectral interval between strong CO5 absorption
bands (Crisp et al., 1991). Radiation in the 1.1- and 1.18-ym trans-
parency windows originates from the 0-15 km altitude range. The 1.28-
pm transparency window emission is formed at 15-30 km (Taylor et al.,
1997). The 1.1- and 1.18-pm transparency windows are spectrally close
to the Oy (alAg) band that comprise lines within the 1.25-1.29 pm in-
terval. The 1.28-pm transparency window overlaps the airglow spec-
trum. The spectral resolution of SPICAV IR is sufficient to robustly
identify the nightglow over the 1.28-pym transparency window spectra.
However, simultaneous modeling of O2 (alAg) airglow and thermal
emission spectra for correct evaluation of the nightglow intensity is
necessary.
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Fig. 1. Spatial distribution of individual measurements. Circles represent the footprint of SPICAV IR when its diameter exceeds 100 km. For visualization purposes,
diameters of smaller areas are set to 100 km. The Magellan global topography data from the NASA Planetary Data System (Saunders et al., 1992) is displayed
underneath. Violet circles show near-nadir observations with emission angles <5°. Red circles represent observations with emission angles 5-60° and footprints
<3000 km in diameter. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.1. Direct model of the nadir Venus thermal emission

Transparency windows spectra are reproduced by a 1-D radiative
transfer model with multiple scattering. The SHDOMPP program is used
to solve the radiative transfer equation using the method of discrete
ordinates and spherical harmonics under approximation of a plane-
parallel atmosphere (Evans, 2007). The routine was adapted to 1.1,
1.18 and 1.28-pm windows’ spectra by Fedorova et al. (2015). Radiative
transfer is calculated line by line with the spectral step of 0.1 cm™!. A
convolution with the AOTF function is carried out to simulate the
spectral resolution of the SPICAV IR spectrometer (Korablev et al.,
2012).

The input parameters of the model are the profiles of temperature,
pressure, and CO» mixing ratio from the VIRA database (Seiff et al.,
1985). Surface temperature is set to the atmospheric temperature at the
lowest profile altitude. Radiative transfer is calculated on an altitude
grid from the surface elevation level to 80 km with a step of 1 km. The
spectral range covers the water vapor absorption at 1.1-1.18 pm, and
the model simulates the absorption by CO5 and H;0. The CO, mixing
ratio is equal to 0.965. The water vapor is assumed to be uniformly
mixed below the clouds and its mixing ratio is a variable parameter. The
CO4 absorption is calculated according to the high-temperature spec-
troscopic database «High-T» tuned for these windows (Pollack et al.,
1993; Tashkun et al., 2003; Bézard et al., 2011; Fedorova et al., 2015).
The absorption of water vapor in the lower atmosphere is modeled based
on the BT2 line list (Barber et al., 2006). The absorption line shapes are
set in accordance to the previous studies (Bézard et al., 2011; Fedorova
et al., 2015). Rayleigh scattering by carbon dioxide molecules is also
taken into account. The gaseous, specifically CO», absorption in the IR is
more complex to handle at the high temperature and pressure conditions
of the Venusian atmosphere. The observations showed that it is neces-
sary to consider the CO, continuum (Pollack et al., 1993), i.e., the su-
perposition of very distant wings of strong permitted CO2 bands and the
possible collision-induced transitions with this molecule. It is generally
parameterized with a coefficient o, expressed in cm 'amagat™2 (1
amagat = 2.6867774 x 10'° molecules cm~>). Continuum coefficient
possible values were limited to the 1.1-pm, 1.18-pm and 1.28-pm win-
dows in the ranges of (0.29-0.66) x 10~° cm’lamagat’z, (0.30-0.78) x
107° em lamagat ™2 and < 2 x 107° cm™lamagat 2 respectively, as
described in the work of Fedorova et al. (2015). For the defined ranges,
the continuum level was empirically chosen equal to 0.75 x 10~°
crn’lamagat’2 and 0.38 x 107° cm’lamagat’2 for transparency win-
dows of 1.28 and 1.1-1.18 pm respectively. By this definition, the CO4
continuum does not influence the O, (alAg) airglow analysis.

The scattering parameters of the cloud layer are computed according
to the Mie theory (Mishchenko et al., 2002). The chosen cloud model is
an update in comparison with the previous study of Fedorova et al.
(2015). It follows the work of Haus et al. (2016) that assumes spherical-
shaped aerosol particles composed of 75 %-H,SO4 water solution. The
density profiles of aerosols are computed according to the parameters
that are set in Table 1 of Haus et al. (2016). The aerosol particle sizes of
four modes are assumed to be distributed according to log-normal law.
The modal radii are 0.3, 1.0, 1.4, 3.65 pm for modes 1, 2, 2’ and 3
respectively. Dispersion of modal sizes’ distributions are 1.56, 1.29,
1.23, 1.28 (Pollack et al., 1993). Refractive index of H,SO4-acid solution
was taken from Palmer and Williams (1975). To minimize the number of
parameters, the particle densities of mode 2 and 3 are adjusting jointly
to describe aerosol scattering. The total vertical density profiles of mode
2 and 3 are multiplied by a scaling parameter. In the narrow interval of
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the 1.28-uym transparency window spectral range, HoSO4 optical con-
stants do not change. The window spectrum shape is not influenced by
the particle density variations, and scattering in the clouds behaves as a
“gray” background.

In general, the developed thermal emission model requires three free
parameters: a scaling parameter adjusting mode 2 and 3 particle den-
sities in the cloud layer, the water vapor volume mixing ratio in the
lower atmosphere of Venus and the surface emissivity. The observation
geometry defines the surface altitude for each transparency window and
the emission angle.

3.2. Oxygen emission model

In the current study, we follow the approach developed to simulate
the terrestrial O, (alAg) airglow spectrum (Sun et al., 2018; Bertaux
et al., 2020). The computation of the spectrum is done line-by-line for
the main isotope 1°0'%0 using transitions from the HITRAN 2016
database. For each emission line, the emission rate per molecule (e) is
computed by multiplying the Einstein coefficient Ay; for this transition
(k) by the relative population of the excited energy level (Eq. 1). The
relative population is the ratio between the partition sum of the excited
energy level Q(J’(k), T) and the total partition sum Qt}(T) at the
particular temperature T.

o QU'(k),T)

The partition sum of J’(k) energy level is computed assuming that the
number of excited molecules follows the Boltzmann distribution, thus, is
determined by temperature T. The detailed algorithm and justification
can be found in Bertaux et al. (2020).

The pressure broadening is ineffective in the upper mesosphere; the
broadening of airglow lines depends on the temperature. However, the
thermal broadening is several orders of magnitude smaller than the
width of the SPICAV IR AOTF function, thus, the O, @! Ay) airglow lines
are not resolved.

We assume constant rotational temperature of the molecules to
compute the emission spectrum. The SPICAV spectra are not sensitive to
observed rotational temperature variations (Bailey et al., 2008b), due to
the limitations of both the low SNR and the spectral resolution. The
temperature is set to 195 K that is an average O»* rotational temperature
according to ground-based observations (Bailey et al., 2008b). The sum
of the emission lines, multiplied by emitting molecule column density,
composes the Oy (alAg) airglow spectrum. Self-absorption of O; in the
upper atmosphere is neglected because its abundance is small. The CO,
absorption in the atmosphere column over the airglow layer is negligible
as well (Crisp et al., 1996).

3.3. Inverse problem

Parameters that provided the minimum reduced Xz-value (Eq. 2) of
the experimental spectrum Reyp and the modeled one were considered as
the solution. The modeled spectrum is the sum of the thermal radiance
Rihermal and Oo (alAg) airglow Rgpy. The computation of reduced Xz-value
considers the 1.05-1.3 pm spectral range. The surface height in the
observing location is zy, which determines the initial level for the
radiative transfer computation. The measurement uncertainties Gy, are
estimated using the SNR ratio of the instrument (Korablev et al., 2012).

1*(20,SF, VMRy0, EMIS, Doy) = N

A1

1 ZA‘N Rexp(A,20) — Renermai (4, 20, SF, VMRup20, EMIS) — Ro2(4, Do2) 2
-5 Oep(4)

(2
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The model set up to handle the experimental data is defined by four
parameters:

(1) scaling parameter applied to distributions of mode 2 and 3 par-
ticles in the cloud layer (SF in Eq. 2),

(2) water vapor volume mixing ratio in the lower atmosphere of
Venus (VMRyyo in Eq. 2),

(3) surface emissivity for the 1.1-pm window (EMIS in Eq. 2),

(4) column density of O2* molecules (Do in Eq. 2).

Synthetic Venus thermal spectra are fitted to the measurements using
a look-up table. It represents the calculated radiation intensity for
parameter values in the intervals: 70-240 % for the scaling factor of
mode 2 and 3 particle density with a step of 5 %, 2-50 ppm for the H,O
VMR with a step of 2 ppm and 70-95 % for surface emissivity with a step
of 5 %. Surface temperature is set accordingly with the topography, and
the radiation was modeled for various initial heights. Their values are
set in the range from —2 to 9 km with a step of 1 km. In some obser-
vations of the Northern Hemisphere, the SPICAV IR footprints for 1.18-
pm and 1.28-pym windows are strongly displaced. It becomes necessary
for these spectra to fit the 1.28-pm window spectrum separately.

Fig. 2 show an example of the data analysis for orbit #3020A02. In
the range of 1.275-1.285, i.e., transparency window maximum, the
model allows a correct extraction of thermal emission (Fig. 2B). Fig. 2C
presents the retrieved and modeled O, (alAg) airglow spectra.

Airglow intensities are converted to the total emission brightness
expressed in MR by spectrally integrating the O, emission radiance
calibrated in W/m?/pm/sr and correcting the airglow intensity ac-
cording to emission angle (6) and cloud backscattering. Emitted down-
ward radiation backscattered at the cloud tops is considered through a
correction coefficient a = 0.875 (Crisp et al., 1996).

Icarus 429 (2025) 116417

R / 47RI
" 10%hc | (secd + 2a)

503 e 41 w
" (secO +2 @ 0.875) /R [mzﬂm sr} Alum]dAfum]|

The extracted Oq (alAg) airglow intensity is calculated from the
radiance by Eq. 3 using the trapezoidal rule. In order to obtain the in-
tensity, the integration limits should be set at 1.25 ym and 1.29 pm, as
can be seen in Fig. 2C. However, the spectral interval for Eq. 3 was
restricted to 1.2635-1.2750 pm to avoid adding noise to the integration.
According to the model, this spectral range comprises 78 % of the Oz
(alAg) airglow intensity. Therefore, the result of the integration within
1.2635-1.2750 pm has to be divided by a factor of 0.78 to obtain the
observed nightglow intensity.

Observations characterized by large footprints may be affected by
spatial non-uniformity and atmospheric curvature. SPICAV IR measures
an average of the airglow signal over the entire area. We assume the
airglow to be uniform in this area. Then, a correction factor is evaluated
by averaging the Eq. 3 for a set of emission angles defined by the
observational geometry. For the emission angles lower than 60° and
footprints smaller than 3000 km in diameter the maximum correction is
below 10 %.

The uncertainty of the oxygen airglow brightness originates from the
signal error and a model systematic uncertainty. The resulting SPICAV’s
absolute calibration was estimated to be within +10 % interval for all
pairs of exposure times and gain values (Korablev et al., 2012). The
radiative transfer modeling and a typical observed oxygen airglow
spectrum differ by a non-zero residual of ~0.01 W/m?%/pm/sr in the
maximum and the right wing of the 1.28-pm transparency window
visible in Fig. 2C. This mismatch is low, but still is twice as large as the
signal noise, and it is spectrally narrow. It cannot be ascribed to varia-
tion of the oxygen rotational temperature in the model. The spectral
width of the discrepancy means also no relation to aerosol optical
properties. The emissivity and water vapor variations cannot yield a

I[MR)

3

. ——Data 3020A02 — Thermal emission + O [
£ o1y : ; [A] -
= Vi \
g 0.05— AT A -
S e e \
0 ‘d"‘lﬂl"h'-llllﬂfﬂ' 2 | Mg el Puoonn eI :'I"’T:”'d. ‘[\‘ T et 2R
el 115 1.2 1.25 1.3
A, pm
01 i 01 1.2635 pm e 1.275 pm_ 12 .
Data 0, airglow
[B] +3020A02 [c] : +re§rieved 1 [D]
0.08 1 Thermal 0.08 1 . Model convolved
——emission | [—with the SPICAV IR 0.8
= +0 - : resolution c
5006} 2 115006} 9
€ 1S 2 06
N<g N\:L =]
004 004 L 04
Q
S s <
0.02f 0.02f 02
0
o "Y'Y;M#v Y 0 B
i . . 0.2
1.25 1.26 1.27 1.28 1.29 1.3 1.25 1.3 -50 0 50
A, pm Wavenumber, cm”!

Fig. 2. Example of data analysis for one measurement of a nadir session during orbit #3020A02 (26 July 2014) (A) Gray curve with error bars shows the measured
spectrum covering the three atmospheric transparency windows. The red curve is the best-fit model of thermal radiation and O, (alAg) airglow, while the yellow
colour shows only thermal contribution. Model parameters are: SF = 141 + 0.1 %, VMRy20 = 25.2 & 0.04 ppmv, EMIS = 0.85 + 0.01. (B) Panel B is a zoom of the
third atmospheric window encompassing the O, emission. (C) O, (alAg) emission band at 1.27 pm, which is the residual between the thermal model and the
experiment, and the O, model is plotted in red (1.3 + 0.1 MR). Airglow emission is integrated within 1.2635-1.2750 pm indicated by the blue dashed lines. The
interval comprises 78 % of the O airglow signal, and the derived intensities are corrected to account for it. (D) SPICAV IR instrument function, i.e., the AOTF band-
pass function. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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radiance change larger than 1 %. Here, we present two plausible ex-
planations of the discrepancy. The first one is an uncertainty of the AOTF
function, in particular, in its wings. In the beginning of the SPICAV IR
scientific mission, a modification of the instrumental function was
noted. The AOTF function has been revised in this spectral range based
on the first SPICAV IR limb observations of O5 (alAg) airglow in order to
have absent thermal emission signal. Parametrization of two main
maxima has been improved. Limb observations were done with similar
exposure time as nadir measurements and had also rather high noise. It
complicates accurate characterization of the AOTF function wings
which are crucial to describe the convolved airglow spectrum at wave-
lengths longer than 1.275 pm. The second reason might be related to
deficiencies of the used radiative transfer model linked to CO; absorp-
tion spectroscopy uncertainties, such as a CO; line shape, unknown line
intensities at high temperatures and pressures or the CO, continuum. It
is known that COz line shape differs from the Voigt profile in the line
wings, i.e., sub-Lorentzian line shape. In this work we assume an
empirical correction for CO line shape by Bézard et al. (2011) and the
CO;, continuum coefficient is constant within the 1.28-ym transparency
window. So far, this spectral range is poorly studied by laboratory
measurements. Further investigation of CO, spectroscopy is important
for better description of the Venus transparency window spectra. Since
the positive residual in 1.28-1.29 pm has not been corrected, the in-
tensity of the bump is included in the retrieval uncertainties of Oy
brightness. It is the main uncertainty defining the detection limit of Oy
(alAg) airglow signal, estimated equal to 0.13 MR on average.

4. Comparison with VIRTIS-M observations

The spectral range of oxygen airglow has also been covered by the
infrared channel of the VIRTIS-M imaging spectrometer, which spectral
range was from 1 to 5.1 pm (Drossart et al., 2007a, 2007b; Piccioni et al.,
2009). The instrument had an imaging capability allowed to cover large
areas in a single observation with a good spatial resolution. The FOV of
one pixel was 250 prad (0.0145°). The spectrometer was collecting
imaging cubes of 256 x 256 pixels in spatial directions and 432 spectral
bands (or wavelengths). The instrument worked as a push-broom spec-
trometer: one frame was composed of 256 spectra along the slit, and the
set of frames was scanned by a mirror or spacecraft motion. The com-
plete data cube covering the 64-mrad FOV required around 50 min if one
frame exposition was 8 s. The minimal exposure time of 300 ms is at
least 3 times longer than the same parameter used in SPICAV observa-
tions. This difference in exposure time is negligible for observation of the
0 (alAg) airglow that mainly varies on a timescale of hours (Alien et al.,
1992).

The principal difference in the O, (alAg) airglow intensity retrieval
between SPICAV IR and VIRTIS-M spectra was related to the different
spectral resolution and sampling of both instruments. The spectral step
of VIRTIS-M was 10 nm, and the full width at half maximum of its point-
spread function was about 15 nm. The retrieved O, airglow spectra from
SPICAV IR dataset are integrated along the wavelengths to retrieve the
intensity (Eq. 3). In the VIRTIS spectra, the nightglow signal is not
resolved, and it was superimposed to the 1.28-um transparency window.
The 1.18-pm window radiance scaled by an empirical value was used to
remove the thermal contribution in order to obtain the O, emission
spectrum. To this purpose the ratio between integrated emissions of
1.18-pm and 1.28-pm windows was used, whose variations were mainly
determined by temperatures of the emitting column, thus, by the
topography, and a weak dependence on cloud structure. As a result,
~30 % of 1.18-pm window radiance was removed from the measured
signal of the 1.28-pm transparency window.

The VIRTIS-M spectrometer was working from May 2006 until
October 2008. A good local time coverage of the Southern Hemisphere
was achieved by the VIRTIS nadir measurements. Limb observations
performed by VIRTIS partially filled the Northern Hemisphere (Soret
et al., 2014). There were several sessions planned in which SPICAV and
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VIRTIS instruments performed simultaneous observations at the same
locations of the Venus globe. The absolute calibration of SPICAV IR in
flight was independent of VIRTIS-M (Korablev et al., 2012), thus, it is
possible to perform a cross-validation of two instruments’ spectra. The
VIRTIS-M dataset was analyzed independently in the works by Soret and
Gérard (2015) and Shakun et al. (2023). The main difference was in the
method used to determine the ratio between the intensity of the 1.18 pm
and 1.28 pm windows. In the first approach, empirical value from the
airglow-free observations was obtained, which was confirmed by the
synthetic thermal radiation spectra. The method is described in Piccioni
et al. (2009). The second approach is presented in Shakun et al. (2023).
Ratio parameter is defined as a function of topography altitude. Shakun
et al. (2023) concludes that the uncertainty of the oxygen extraction by
the second method is reduced to 2-3 % instead of 15-20 % with the first
algorithm presented in Piccioni et al. (2009).

We have selected 39 VIRTIS-M frames of 35 orbits with successful
retrieval of Oy (alAg) airglow from Soret and Gérard (2015) to compare
with simultaneous SPICAV IR measurements. In these observations, the
SPICAV footprint diameter varied from 21’ at the 47°N latitude to 13° at
latitudes farther south than 55°S. VIRTIS data have been arranged in
longitude-latitude maps with a grid of 1° in each direction, where values
within one bin were averaged. Majority of the observations by both
spectrometers do not have full intersection. We average brightness
values obtained by VIRTIS-M only over the bins intersected by the
SPICAV footprint for the comparison. SPICAV IR airglow observations
have also been compared with non-simultaneous observations by
VIRTIS-M during twelve Venus Express orbits studied in Shakun et al.
(2023). SPICAV IR and VIRTIS-M measurements were taken at the same
orbit with a time difference from 2.5 to 11.5 h apart.

The summary of the considered observations is shown in Fig. 3. In
general, both experiments lead to similar results, and the same behavior
of the airglow is retrieved. The linear correlation coefficient of datasets
composed by simultaneous observational sessions is 0.84. Similar linear
correlation coefficient of 0.88 is obtained for datasets composed by
colocated but non-simultaneous measurements. An example of a
simultaneous session (#346) is presented in Fig. 4 where a bright oxygen
emission spot was detected by both instruments near the equator at
23.62H of local time. Comparison of raw spectra is presented in the
Supplementary material in Fig. S3.1. The brightness values retrieved
from both datasets are in good correspondence considering the resulting
uncertainty computed from SPICAV IR spectra. On average, values ob-
tained from the VIRTIS dataset are 20 % lower than ones by SPICAV IR.
The difference between retrieved values is more pronounced for weak
emission. However, both instruments agree regarding the airglow
behavior, which is considered in detail in Supplementary material in
Figs. $3.2-3.3.

We have established several reasons for the discrepancy, in addition
to the shifts of the observed areas. Airglow signals close to the VIRTIS
detection limit could appear dimmed in intensity. If VIRTIS-M obser-
vations having exposure time of more than 3 s are considered, the cor-
relation between the SPICAV IR and VIRTIS datasets increases to 0.94
(Fig. 3). Instead, even with noisy spectra, the spectral resolving power of
SPICAV IR allows robust identification of airglow spectral features in
these cases. We also have to take into account that accuracy of the
resulting SPICAV’s absolute calibration was estimated to be within 20 %
interval for all pairs of exposure times and gain values (Korablev et al.,
2012). Furthermore, the Oy (alAg) airglow spectra observed in the
SPICAV experiment exhibit a minor systematic discrepancy compared to
the modeled ones (Section 3.3). In the VIRTIS observations, the 1.18-
and 1.2-pm transparency windows are observed simultaneously, but it
should be noted that the values of water vapor in the deep atmosphere
are obtained with uncertainty. It is determined by inaccurate CO5 con-
tinuum and unknown surface emissivity (Fedorova et al., 2015) and
affects the brightness ratio of the 1.18-ym and 1.28-pm windows.
Apparently, the most valuable finding is the confirmation of the
observed nightglow behavior in all joint observations.
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5. Results and discussion
5.1. Radiance map of the Venus night side
The nadir spectra obtained for 8 years, from April 2006 to December

2014, by SPICAV IR/VEx with the SZA higher than 95° were processed
in order to separate the O, (@' Ag) airglow signal from the contamination

by the Venus thermal emission as described in Section 3. The total
number of selected spectra (see Section 2) amounts to 8290 from 750
observational sessions (Fig. 1) obtained with emission angle <5°. The
corresponding local solar time coverage is from 18H46 to SH36.

Since variations in the footprints of SPICAV are significant, the
global distribution of O4 (alAg) airglow is binned by 0.5 h of local time
and 5° of latitude. More detailed grid results in a global distribution
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Fig. 5. (A) Average map of oxygen airglow brightness obtained by nadir measurements of SPICAV IR in the night side. The observations are binned on a grid of 30

min in local time and 5° in latitude. (B) The corresponding observation counts.

biased by short-term fluctuations of the emission, especially in the
Northern Hemisphere due to a small footprint. Statistics of 50 and more
observations in one bin have been achieved in the Southern Hemisphere
and around the anti-solar point (Fig. 5B). Fewer observations were
conducted at SZA < 150° in the Northern Hemisphere (Fig. 5B). Thus,
the bright area of 1.5 MR around 2H30 of local time and 5° N of latitude
is caused by a bright spot that persisted from 14 to 16 October 2013 at
5-9° N and 22-25° longitude. It is unlikely to represent the long-term
pattern of the emission.

The nightglow pattern is nearly symmetrical around the antisolar
point. An intensity maximum of 1.4 MR with a standard deviation of 0.8
MR was found around 23H30 of local time and 0-5° N of latitude. A
similar value of 1.6 MR was obtained by Soret et al. (2012) in
2006-2008. The high value of standard deviation represents the vari-
ability of the emission brightness around midnight. Towards the ter-
minators, the standard deviation of mean data on the selected grid
decreases by 3-4 times. A high variability of the nightglow has been
revealed before by various studies reporting its change of 20 % in a
timescale of hours (Alien et al., 1992) often vanishing within several
days (Alien et al., 1992; Crisp et al., 1996) or local intensities reaching
5-6 MR (Crisp et al., 1996; Ohtsuki et al., 2005; Soret et al., 2014).
Similar behavior was observed by SPICAV IR. For instance, during the
session #0343A17 the airglow changes from 0.5 + 0.2 MR to 3.7 + 0.2
MR along the longitude of 265°. The values reach 5.0 + 0.1 MR
measured on the 1st of April 2011 at 8° N of latitude, 90° of longitude
and 23H42 of local time.

The detection limit of Oy (alAg) airglow signal is estimated equal to
0.13 MR on average. It is defined by a non-zero residual of ~0.01 W/m?2/
pm/sr in the maximum and the right wing of the 1.28-pm transparency
window which likely relates to uncertainties of the model or the AOTF
function wings.

A median value of 0.51 + 0.44 MR over the planet night side for 8
year is practically the same as obtained from VIRTIS data: 0.52 MR by
Piccioni et al. (2009) or 0.50 MR by Soret et al. (2012), and as 0.55 MR
from ground-based observations (Krasnopolsky, 2010). Our value is still
slightly higher than 0.36 + 0.3 MR obtained by Shakun et al. (2023).
Interestingly, an attenuation of the airglow was found at the midnight
location, with the brightness increasing to 1HOO of local time. Lat-
itudinal shift of ~10° to the north obtained by VIRTIS-M (Shakun et al.,
2010; Soret et al., 2012; Shakun et al., 2023) in nadir and by the limb
observations (Soret et al., 2012) is not confirmed by our data. The reason

for this difference with the VIRTIS-M result is unclear, but it may be a
consequence of sparser coverage in 0-20° N of latitude by VIRTIS-M.
Moreover, VIRTIS-M observed these latitudes at high emission angles
that increases the retrieval uncertainties. It should be noted that the
statistical map accumulated by SPICAV IR in 2006-2008 does not
indicate this latitudinal shift, even when measurements performed with
larger footprints and emission angles are taken into account (Fig. S4.1 A
in the Supplementary material). The importance of data selection bias
while observing the variable region of 90-110 km is noted and discussed
in the following section. In general, the emission occurs between 22H00
in the evening and 2HOO in the morning at latitudes of 15°S-15°N. Then,
the brightness decreases significantly from 22H00 towards the evening
terminator. Brighter patches were observed towards the morning
terminator. Nevertheless, the airglow decreases gradually towards high
latitudes. The SPICAV IR results are consistent with the SSAS circulation
pattern; this regime is the main driver of the O, (alAg) airglow
distribution.

5.2. Data selection bias for the nightglow distribution

The selection bias of the obtained nightglow distribution was dis-
cussed in Section 4 when comparing our results with the VIRTIS dataset.
Section 5.1 presents the result of nadir observations. The statistics can be
extended by including observations with emission angles up to 60°. We
limited the footprint by 3000 km, and the considered values were cor-
rected accounting for the Oy* layer curvature. This restriction also al-
lows us to maintain the assumption of plane-parallel geometry for
thermal emission modeling. In the Northern Hemisphere, 95 % of ob-
servations have their footprint diameter less than 500 km. In the
Southern Hemisphere, % of the all observations encompass an area
greater than 500 km in diameter, and the footprint grows towards the
South Pole.

Considering larger emission angles extends our dataset to 22,800
spectra. Fig. 1 illustrates the coverage achieved. Results are binned by
0.5 h of local time and 5° of latitude (Fig. 6) similarly to Fig. 5. As the
number of observations with a large spatial footprint increases (Fig. 6B),
the small features of the O, (alAg) airglow in the Southern Hemisphere
are smoothened. The correction for the atmospheric curvature of the
observed Oy (alAg) airglow layer is applied as it is described in Section
3.3. In contrast, the nightglow statistical distribution in the Northern
Hemisphere remains fine-structured. However, the local maxima
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Fig. 6. (A) Average map of oxygen airglow brightness obtained from SPICAV IR measurements conducted with emission angles up to 60° and footprints up to 3000
km. The observations are binned on a grid of 30 min in local time and 5° in latitude. (B) The corresponding observation counts.

obtained may be influenced by other factors, such as short-term changes.
The bright area of 1.5 MR around 2H30 of local time and 5° N of latitude
(Fig. 5A, 6A) is an example of such a bias, as it was discussed in Section
5. The distribution of points by local time for selected latitude ranges is
presented in detail in the Supplementary material (Fig. S5.1-5.4).

The entire SPICAV IR dataset confirms the prominent global
maximum in proximity to the antisolar point. An intensity of 1.3 MR
with a standard deviation of 0.6 MR was found at 23H30 of local time
and 0-5° N of latitude. The similar value 1.3 + 0.8 MR is obtained at
5-10° N of latitude and 23H30 of local time.

Fig. 7 presents detailed comparison of the data selection bias. In the
Northern Hemisphere, the data coverage is not significantly improved

Northern Hemisphere

due to the small footprints, and the local time trend remains almost
unchanged while averaging more measurements. In contrast, the gen-
eral local time trend is confirmed by the extended data coverage in the
Southern Hemisphere. The insertion of measurements leads only to a
regularization of the trend: the bright feature (20-25° S at the midnight)
obtained for nadir measurements disappears.

5.3. Bright spots distribution
Nightglow intensities of 3-5 MR, higher than the global maximum of

1.4 MR found around 23H30 of local time and 0-5° N of latitude (Fig. 5),
are occasionally observed. Such values were noted in ground-based

Southern Hemisphere
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(Crisp et al., 1996; Ohtsuki et al., 2005, 2008a) and VIRTIS-M obser-
vations (Shakun et al., 2023). It was also showed that bright Oy (alAg)
spots occur up to polar latitudes on the Venus night side (Alien et al.,
1992; Crisp et al., 1996; Gérard et al., 2014; Soret et al., 2014) while the
brightest emissions concentrate around the anti-solar point (Soret et al.,
2014). Its appearance at high latitudes however implies that the SSAS is
perturbed by transient effects (Soret et al., 2014) influencing a direct
flow from the subsolar to the anti-solar point with short-term variability.

Within the SPICAV IR dataset, 5 % of measurements exceed the
global maximum of 1.4 MR. This threshold is used to determine “bright
spots” of the nightglow. A strong increase in the airglow reflects dra-
matic perturbations in atomic oxygen downward flux or in atmospheric
density. Thus, a pattern of such events should be informative for
establishing the impact domain of air transport change. Statistically,
bright spots occurred with greater frequency in Area 1, which is high-
lighted in Fig. 8B and encompasses a local time range from 22HO00 to
2HO0O and latitudes of 15°S-15°N. However, these phenomena were
observed all over the nightside at latitudes below 70° (Fig. 8B). It should
be noted that only a few isolated cases showed intensity exceeding 3 MR.

The geographical distribution of bright spots (Fig. 8D) does not
match any of the features of the underlying surface. The obtained overall
distribution is fairly uniform in longitude and symmetrical in latitude
(Fig. 8D). Area 2 which is highlighted in Fig. 8D was investigated in
detail. It encompasses longitudes of 0-120° and 180-360° and latitudes
of 10°S-10°N, where an increase in the number of bright spot detections
was observed. The majority of these cases (81 %) correspond to local
times from 22HO00 to 2H00. Additionally, 5 % of these observations are
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in the local time range of 20-22H, while 14 % of equatorial bright spots
are in the local time range of 2-5H. There is no obvious relation with
longitude for neither of these cases. Bright spot detections in the
Northern Hemisphere in the 0-120° of longitude and in the Southern
Hemisphere in the 180-300° of longitude outside the Area 2 (Fig. 8D)
are also related to the observed local times rather than longitudes: the
measurements are in the proximity of the midnight meridian.

The bright spots local time distribution closely follows the average
map of the nighttime hemisphere (Fig. 8B). First, most of them were
observed near the anti-solar point within +2 h of local time and + 15° of
latitude (Area 1, Fig. 8B). The bright spots were not observed above 70°
of latitude, neither in the Northern nor in the Southern Hemispheres. A
possible feature of this distribution is that the brightest airglow
appeared 35 % more often towards the morning terminator, taking into
account the total number of observations in 2-6H and 18-22H of local
time.

5.4. Short-term variations

0O, (alAg) nightglow is highly variable in short time scales. Venus
PCM (Navarro et al., 2021) pointed out that Kelvin waves occurring at
cloud tops should cause a shift in O, (alAg) airglow patch to higher
latitudes from the equator and its intensity variations within a period of
~5 days. Venus PCM predicts the phase lag between the O, (alAg)
brightness and cloud top reflected radiance of ~1.4 days, corresponding
to one-fourth of the Kelvin wave period (Navarro et al., 2021). Venus
Monitoring Camera (VMC) on board Venus Express (Markiewicz et al.,
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2007) observed a similar periodicity of 4-5 days of the ultraviolet
reflectivity and wind field at cloud tops in orbit range of 436-490 (Nara
et al.,, 2019) from the 1st of July to the 28th of August in 2007. The
periodicity of UV reflectivity was obtained at 10°S after averaging
within the local solar time range of 11H00—13H00 (Nara et al., 2019).
On the same dates, SPICAV IR observed the O, (alAg) nightglow distant
from the equator at latitudes from 60° to 30° S. Airglow intensities ob-
tained by SPICAV IR are averaged for 1 day and 30-60° S latitude range.
Observations conducted during one orbit spanned a narrow local time
range. The observed local time intervals of several sequential orbits
intersected and ranged from 21HO00 to 03HOO. The brightest patch was
detected at 40° S of latitude during the session #0479 (Fig. 9A-B) and
diminishes ~2 days later. Following the result by Nara et al. (2019) the
radiance reflected by clouds at 10°S averaged over the local time range
of 11HO0—13HOO reaches its minimum at orbit #0479. The shift be-
tween the Oy (alAg) brightness minimum (orbit #481, Fig. 9A) and
cloud top reflected radiance is ~2 days in this case. In contrast, the
phase shift between periodical variations of the cloud top brightness and
day-side OII EUV emission at 135.6 nm was 4 & 2 h (Nara et al., 2020).

A Lomb-Scargle periodogram was computed for the entire set of
observations from orbits #436-490 (Fig. 9A, B). To evaluate the sta-
tistical significance of the identified periodogram peaks, the false-alarm
probability (FAP) threshold was determined. The FAP represents the
probability of false detection of periodicity. It can be observed in Fig. 9C
that the most prominent periodogram peak occurs at the period of 5.2
days. However, the FAP threshold which is lower than this peak corre-
sponds to a false-detection probability of 60 %. Consequently, no peri-
odicity can be concluded from the airglow measurements. It is also
difficult to directly compare our O, (alAg) intensity variations and the
VMC results at the cloud tops (Nara et al., 2020) because of the large
local time spread of SPICAV observations (Fig. 9B).

Consecutive observations covering similar latitudes, longitudes, and
local time ranges are now considered in detail. Seven groups (Fig. 10,
Figs. $6.1-6.6 in the Supplementary material) of such sessions are found
in the SPICAV IR dataset. Due to a small footprint in the Northern
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correspond mostly to Southern Hemisphere observations. The short-
term periodical fluctuations are retrieved for these groups using the
Lomb-Scargle periodogram. The significance of periodogram peaks is
evaluated using the FAP threshold. The only sequence for which the
detection probability exceeds 75 % is presented in Fig. 10. This sequence
corresponds to the orbits #2564-2583 from the 28th of April to the 17th
of May in 2013. The values demonstrate fluctuations with a period of
5.4 days. In other examples (see Figs. S6.1-6.6), periodicity cannot be
definitively determined.

5.5. Comparison with solar activity

The Venus Express mission covered 2.5 years of the 23rd Solar cycle
and 6 years of the 24th Solar cycle. The period corresponds to almost a
whole 11-year Solar cycle, allowing to search for a possible link between
the EUV solar flux and the airglow brightness variations. The radio
emission flux at 10.7 cm, i.e., the F1o 7 index (https://spaceweather.gc.
ca/forecast-prevision/solar-solaire/solarflux/sx-5-mavg-en.php), is
usually used as a proxy for EUV in the solar EUV irradiance models
(Richards et al., 1994; Tobiska et al., 2000). Both emissions originate
from the solar corona and are highly correlated in time, however, the
link is not invariant. In the solar minimum of 2008-2009, the EUV flux
dropped lower than in 1996 at the end of the 22nd Solar cycle for the
same Fyg 7 index (Chen et al., 2011). Thus, we use the EUV solar flux at
0.1-50 nm measured by the Solar EUV Monitor (SEM) aboard the Solar
Heliospheric Observatory (SOHO) satellite at 1 AU (Judge et al., 1998).
The flux index is equivalent to 10'° photons/cm?/s. Data on the EUV
daily fluxes averaged over the full solar disk is available from the Space
Sciences Center of the University of Southern California (https://dorns
ifecms.usc.edu/space-sciences-center/download-sem-data/). The
EUVy.1_50 values are provided for the Earth, while the flux EUVgq, is
provided for a given time t (Eq. 5). Taking into account the offset be-
tween Venus and Earth positions, the date shift AT should be accounted
for. The time shift in Earth days is computed according to Eq. 4.
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Fig. 9. Short-term O, (alAg) variations from the 1st of July to the 28th of August in 2007 (orbits #436-490). (A) Timeline of variations with the period of 5.2 days
defined by Lomb-Scargle periodogram. (B) Overview of observation distribution with the SPICAV footprints. (C) Lomb-Scargle periodogram for the mean values of
observations binned by 1 day. The periodogram is normalized by a factor of two times the variance of the dataset. The blue dotted line represents the threshold of a
false-alarm probability of 60 %. The peak exceeding the computed FAP threshold is highlighted by the red dot. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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where 27 days is the Sun rotation period, AM is the difference between
Venus and Earth solar longitudes in degrees and should be in the range
between —180° and 180° for estimation of the closest available data.
Therefore, the EUV flux on Venus EUVyeps is computed by Eq. 5.

2
R Venus

EU VVenus =

X EUVigrn (t +AT) %)

RzEanh

The EUVj 1_50 index decreased from 4.4 to 3.3 in 2006-2009 and
then reached 7 at the end of 2011 and 7.1 in the beginning of 2014, that
is, 2.1 times higher than in the minimum. The 24th Solar cycle actually
differs from previous cycles by a lower level of activity and a deep
minimum in 2008 (Solomon et al., 2010; Woods et al., 2022). For
instance, the maximal index of the 23rd Solar cycle was 13.5 (Soret
et al., 2012).

Fig. 11 shows the obtained O, (alAg) brightness compared to the
solar EUV flux. An individual session of measurements by SPICAV covers
usually a small fraction of the night side, so the results were binned by 3
months and averaged in each bin. Such long-term sequence of mean
intensities is computed for all the observations regardless of their loca-
tion or for the observations located around the antisolar point with SZA
> 150°. The EUV( 1_50 index was also smoothed in the same way. Fig. 11
shows the obtained long-term dependencies representing the 3-month
averaged value with the standard deviation. The antisolar point in-
tensity is 1-2.7 times larger than the night-side average, as expected.
The strong variation within one time range of three months is prevailed,
therefore, any particular trend of Oy (alAg) airglow intensity is not
pronounced. Linear correlation coefficient of long-term average in-
tensity dependencies and 3-months mean EUVj 1 50 index is equal to
—0.1339 for the antisolar brightness and to —0.0244 for the night-side
average.

Soret and Gérard (2015) did a similar analysis of the VIRTIS obser-
vations. The instrument was working from May 2006 to October 2008
which was the phase of the deep solar minimum. The EUVj ;_5¢ index
decreased from 4.4 to 3.3 for this time range. A hint of a positive cor-
relation of the solar flux and the peak intensities was found, and the
linear correlation coefficient was equal to 0.62. However, the correla-
tion coefficient calculated for brightness averaged over the entire night
side was only 0.35. Therefore, no link between the solar activity and the
Oy (alAg) airglow was established. The SPICAV IR observations of
peaking intensities also do not reveal any evident correlation with solar
EUV. The monitoring by SPICAV IR confirms this conclusion for either
the peak intensity, the antisolar or the overall O, (alAg) brightness.

The Fy9.7 index recalculated for Venus varied from 140 to 120 at the
end of the 23rd Solar cycle and from 120 to 200-250 in the 24th Solar
cycle. Bougher and Borucki (1994) studied a difference in Oy (alAg)
peak intensity for three solar activity scenarios: solar flux with F197 =70
(minimum), F197 = 150 (medium) and F197 > 200 (maximum). There
was no influence on temperatures of the Venus night side (Bougher and
Borucki, 1994). A similar conclusion about the night exosphere tem-
perature has been drawn by the recent simulations, showing a greater
influence of non-orographic gravity waves than solar activity on model
results (Martinez et al., 2023). The peak intensities of VTGCM simulated
Oy (alAg) airglow are equal to 0.49, 0.54 and 0.70 MR for three solar
flux conditions respectively, suggesting a minor correlation with solar
activity (Bougher and Borucki, 1994). In our work, we conclude that the
observed daily variations are much more significant, and that this
variability is likely related to dramatic changes in the wind field that can
be driven by solar activity among other sources. The lack of imaging
capabilities interferes with the correlation analysis on a daily basis, since
only a small area is usually scanned.

6. Conclusions

Here we reported a complete set of SPICAV IR observations of Oy
(alAg) nightglow lasting from the beginning of 2006 till the end of the
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Venus Express mission in 2014. This study analyzes more than 2000
sessions of nadir observations (~20,000 spectra). The well-resolved
spectra comprising both the thermal emission and the airglow signals
were fit to radiative transfer and oxygen emission models. This approach
ensures a robust separation of the airglow intensity from the thermal
contamination.

The observed intensities vary between the detection limit estimated
at 0.13 MR and the peak value of 5.0 & 0.1 MR. The infrared O, (alAg)
airglow driven by the subsolar to antisolar circulation occurs between
two global circulation regimes: cloud super-rotation below 90 km and
the subsolar to antisolar circulation over 120 km. The local time and
latitude average distribution of the O2 (alAg) airglow at night was ob-
tained. It confirms that the global maximum with an intensity of 1.4 +
0.8 MR is near the anti-solar point. Median value over the planet’s night
side is 0.51 MR. In general, the distribution is fairly symmetrical about
the equator.

In 2006-2008, VIRTIS imaging spectrometer on board the Venus
Express also performed observation of the Oy (alAg) nightglow (Soret
et al., 2014). Comparison with the simultaneous and colocated VIRTIS-
M observations was done. In these observations, both instruments
retrieve the same behavior of the nightglow. Few deviations in absolute
values could be due to uncertainty of the two experiments. The SPICAV
average distribution is likewise in good agreement with the analysis of
the VIRTIS-M data.

A high variability of the airglow was observed. Spots with intensities
exceeding the antisolar average value were observed within a latitude
range of 70°S-70°N. The majority of such cases were located in the
immediate vicinity of the antisolar point. Towards the morning termi-
nator, they also occur 35 % more often. Short-term nightglow period-
icity can be caused by the upward propagation of a cloud-top Kelvin
wave. The Venus PCM simulation produced the 5.7-day period of the
Kelvin wave and the airglow variations (Navarro et al., 2021). Seven
SPICAV IR observation sequences were conducted over a period of 1-2
months covering proximate locations. Only one set of airglow intensity
data revealed a 5-day periodicity with a 75 % significance level. The
source of observed fluctuations cannot be identified solely based on the
SPICAV dataset due to its poor mapping capability.

The full SPICAV IR dataset gathers airglow observations under
different solar activity conditions in 2006-2014: from the end of the
23rd Solar cycle to the maximum in the 24th Solar cycle. A correlation
between the solar EUV flux (a proxy of CO, photo-dissociation rate) and
the O, infrared emission was previously predicted by global circulation
model simulations (Bougher and Borucki, 1994). In our study, the direct
link between changes in solar flux and O, (alAg) airglow intensity was
not found against the much more significant short-term fluctuations.
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