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Abstract. In the context of planetary space weather, we esti-
mate the ion production rates in the Venusian atmosphere due
to the interactions of solar energetic particles (SEPs) with
gas. The assumed concept for our estimations is based on
two cases of SEP events, previously observed in near-Earth
space: the event in October 1989 and the event in May 2012.
For both cases, we assume that the directional properties of
the flux and the interplanetary magnetic field configuration
would have allowed the SEPs’ arrival at Venus and their pen-
etration to the planet’s atmosphere. For the event in May
2012, we consider the solar particle properties (integrated
flux and rigidity spectrum) obtained by the Neutron Moni-
tor Based Anisotropic GLE Pure Power Law (NMBANGLE
PPOLA) model (Plainaki et al., 2010, 2014) applied previ-
ously for the Earth case and scaled to the distance of Venus
from the Sun. For the simulation of the actual cascade in
the Venusian atmosphere initiated by the incoming particle
fluxes, we apply the DYASTIMA code, a Monte Carlo (MC)
application based on the Geant4 software (Paschalis et al.,
2014). Our predictions are afterwards compared to other es-
timations derived from previous studies and discussed. Fi-
nally, we discuss the differences between the nominal ion-
ization profile due to galactic cosmic-ray—atmosphere inter-
actions and the profile during periods of intense solar activity,
and we show the importance of understanding space weather
conditions on Venus in the context of future mission prepa-
ration and data interpretation.

Keywords. Ionosphere (solar radiation and cosmic ray ef-
fects)

1 Introduction

The atmosphere of Venus is exposed to photon and particle
(solar wind, galactic cosmic ray and solar energetic particle
(SEP)) radiations, covering a vast range of energies. These
populations give rise to a series of interactions between the
Venusian atmosphere and the space environment that affect
the structure of the atmosphere as well as the gas composition
and the energy distribution of its various constituents. While
the role of energetic photons has long been recognized (see
the recent developments outlined in Gilli et al., 2015), the
energetic particles have usually been assumed to have a mi-
nor role in the overall atmospheric behaviour. Nonetheless,
the interactions between particles (either of galactic or solar
origin) and the Venusian atmosphere are expected to have a
more crucial role in the modification of the gas properties
than that in the case of the Earth or Mars, mainly due to the
following reasons:

i. Venus has no significant intrinsic magnetic field; hence,
its magnetic cut-off in the rigidity of the incoming
charged energetic particles can be considered negligi-
ble at all latitudes. As a result, galactic cosmic rays and
SEPs are allowed to interact directly with the planet’s
upper atmosphere and, depending on their energy, to
penetrate to deeper layers;

ii. The lower atmosphere on Venus is about 90 times
denser (at the surface) than the Earth’s; hence, the total
amount of the ionized products is expected to be signif-
icantly larger than its value in the Earth’s case;

iii. Venus is located closer to the Sun; hence, the arriv-
ing SEP fluxes during transient solar events (e.g. flares,
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coronal mass ejections — CMEs) are expected to be
higher than their values at 1 AU, during the same event.

Regarding solar wind, it has been suggested that the field in-
duced by the solar-wind—atmosphere interaction on Venus
partially shields the atmosphere at solar maximum (Luh-
man et al., 2004; Russell et al., 2006). Moreover, Zhang et
al. (2007) analysed magnetic field measurements from the
Venus Express spacecraft and showed that the bow shock un-
der low solar activity conditions seems to be in the position
that would be expected from a complete deflection by a mag-
netized ionosphere; hence, little solar wind enters the Venus
ionosphere even at solar minimum. In view of this, in the
current paper, we leave out of our study the investigation of
phenomena related to solar wind penetration or deflection by
the planet’s induced magnetic field.

Due to the relatively denser atmosphere on Venus and to
the absence of an intrinsic magnetic field, cosmic ray air
showers develop extensively, whereas on Earth many shower
products are absorbed by the terrestrial surface. Through
such extensive particle cascades, cosmic rays may affect deep
atmospheric layers resulting in ion production (at altitudes
even lower than 100km) that, furthermore, can potentially
affect atmospheric processes such as cloud formation and,
in general, atmospheric chemistry (e.g. Dubach et al., 1974;
Borucki et al., 1982, Aplin, 2006, 2013; Michael et al., 2009;
Nordheim et al., 2015). Intense solar activity, manifested in
the presence of solar flares and CMEs, can give rise to an
additional component of the particle flux entering the Venu-
sian atmosphere, known also as the solar cosmic ray or SEP
component. A flare is a sudden atmospheric brightening on
the Sun (see Hudson, 2010, for a review) which produces
charged particles and emits increased radiation across the
electromagnetic spectrum, particularly in X-ray, extreme ul-
traviolet (EUV), Ho and radio wavelengths. CMEs are ejec-
tions of plasma above the Sun’s photosphere, near the corona,
commonly associated with solar flares, with speeds typically
in the range of 500-1000 km s~!. The occasional penetration
of solar cosmic rays in the atmosphere of Venus is a signifi-
cant agent for planetary space weather (Lilensten et al., 2014;
Plainaki et al., 2016). In this context, in the current paper, we
investigate the Venusian atmosphere interactions with SEPs
which, having suprathermal energies, follow trajectories that
are influenced only slightly by the planet’s induced magnetic
field. The full assessment of the role of SEPs in the global be-
haviour of the Venusian atmosphere is well beyond the scope
of an individual paper. As a first step in this process, we focus
our attention on the ion pair production rates and the accurate
estimation of the characteristics of the atmospheric cascades
initiated by SEPs bombarding the Venusian atmosphere. The
main motivation of the current work, therefore, is to provide a
body of information related to SEP—atmosphere interactions
on Venus (e.g. the ionization rate profile) during different so-
lar activity conditions that can be used as inputs in future
sophisticated studies related, for example, to electrical con-
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ductivity or the charging of cloud particles. Finally, the study
of the particle-atmosphere interactions on Venus may reveal
processes fundamental to the interpretation of exoplanet ob-
servations. As many exoplanets are located only a few stellar
radii away from their parent stars, the effects and type of in-
teractions under such conditions are among the key science
questions to be answered in the near future.

Some important efforts to study the cosmic ray interac-
tions with the Venusian atmosphere have already been made
in the past. Dubach et al. (1974), Borucki et al. (1982), and
Upadhyay and Singh (1995) have made use of approximate
transport equations to describe particle propagation within
the Venusian atmosphere. Whereas these works provided an
important starting point, Nordheim et al. (2015) noted that
simplifications that generally do not take into account the
full range of effects due to the interactions of primary and
secondary air shower components with atmospheric neutrals
were implied. Nordheim et al. (2015) used the PLANETO-
COSMICS software application (Desorgher et al., 2005) to
perform a Monte Carlo modelling of cosmic ray interactions
within the Venusian atmosphere, including discrete particle
interactions within the extensive showers of secondary par-
ticles and taking into account the contribution from protons,
alpha particles and heavier ions. In the same context, in the
current study we propose the use of a new Monte Carlo
(MC) application in order to calculate the atmosphere ion-
ization (and ion pair production) rate profile due to SEPs
and to identify its dependence on the energy spectrum of
the impinging particles. The Dynamic Atmospheric Shower
Tracking Interactive Model Application (DYASTIMA) used
in the current work is based on the Geant4 toolkit, and it has
been previously applied for the Earth case for both galac-
tic cosmic rays (Paschalis et al., 2014) and SEP (Dorman
et al., 2015) interactions with the terrestrial atmosphere. In
the context of planetary space weather, the use of DYAS-
TIMA in the estimations in the current paper allows us, for
the first time, to consider SEP-related information derived
from global ground-based measurements obtained on Earth
(see Sect. 2.2. for details) and scaled to Venus’ distance from
the Sun (i.e. 0.72 AU). Moreover, in the current work we at-
tempt to distinguish, for the first time, the contribution of the
high-energy incoming particles, during an SEP event, to the
atmosphere ionization rate profile from the contribution of
the lower-energy population. To reach this goal we use a real-
istic SEP spectrum already tested for the Earth case, based on
data corresponding to a vast SEP energy range (see Sect. 2.2),
assuming a priori that the directional properties of the solar
particles allow their arrival and penetration to the Venusian
atmosphere. We examine firstly the case of the energetic solar
event in October 1989, and our results are compared to those
obtained by Nordheim et al. (2015) for the same event. Addi-
tionally to the implementations in Nordheim et al. (2015), we
study also the case of the recent SEP event on 17 May 2012.
Given its characteristics (see, for example, Li et al., 2013, and
Gopalswamy et al., 2013), the proton event on 17 May 2012
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can be considered a middle case between a very energetic (up
to several GeVs) and a less energetic (in the range of a few
tens of MeVs up to some hundreds of MeVs) SEP event. In
this context, the results provided here are an important add-
on to current knowledge and can be further used in planetary
space weather studies related to terrestrial planets possessing
atmospheres. To study the effects in the Venusian atmosphere
of an SEP event of the order of magnitude (in both energy and
flux) of the event on 17 May 2012 we consider the solar parti-
cle properties (integrated flux and spectrum) obtained by the
Neutron Monitor Based Anisotropic GLE Pure Power Law
(NMBANGLE PPOLA) model (Plainaki et al., 2010, 2014)
applied previously for the Earth case and scaled to the dis-
tance of Venus. Moreover, in order to investigate the differ-
ences between the nominal ionization profile due to galac-
tic cosmic-ray—atmosphere interactions and the one during
SEP events, we perform two additional simulations of the ex-
pected cascades during solar minimum and solar maximum
conditions. This paper is organized as follows: in Sect. 2 we
provide a brief description of both basic models used in this
study, namely DYASTIMA and NMBANGLE PPOLA, and
we present the input parameters considered in the simula-
tions. In Sect. 3 we present and discuss our results corre-
sponding to both SEP event cases, and we compare (where
possible) our predictions to those obtained in previous works.
In Sect. 4 we discuss the usefulness of these estimations in
further investigations of an interdisciplinary nature, related
also to future space-based observations. Finally, in Sect. 5
we present the main conclusions of the current work.

2 Brief description of the models used
2.1 DYASTIMA and inputs

DYASTIMA is an application, based on Geant4, which sim-
ulates the cascades of particles generated after the inter-
actions of galactic cosmic ray particles and/or SEPs with
the atmosphere of a planet. The DYASTIMA code has
been implemented at the Athens Neutron Monitor Station
(ANEMOS) of the National and Kapodistrian University of
Athens (Paschalis et al., 2014), and the corresponding appli-
cation is available online.! The first version of DYASTIMA
has been successfully applied to the Earth’s atmosphere, pro-
viding results that are in accordance with the publications
of other models (Paschalis et al., 2014). DYASTIMA allows
for (1) the possibility of consideration of complex scenarios,
as inputs, including for example user-defined vertical pro-
files of atmospheric quantities such as densities and mix-
ing ratios; (2) the possibility to define the primary energy
spectra of the impinging cosmic ray particles; (3) the ob-
taining of enhanced outputs, such as the density profiles of
secondary products of atmospheric cascades. In this section

IDYASTIMA can be downloaded from http://cosray.phys.uoa.
gr/index.php/applications/dyastima.
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we briefly discuss the main characteristics of DYASTIMA,
and we describe the considered inputs during its application
to the Venusian atmosphere. For more details on the DYAS-
TIMA application and its techniques, the reader may refer to
Paschalis et al. (2014).

The study of particle cascades via simulations is a com-
plicated procedure due to the numerous input and output
parameters that need to be considered. Up to now various
techniques have been implemented (e.g. the use of approx-
imate transport equations to describe particle propagation
within the atmosphere; MC techniques simulating a vast
number of individual events). For the Earth’s case there is
a vast body of literature on atmospheric cascade models:
very often the FLUKA (Battistoni et al., 2007) or the Geant4
(Agostinelli et al., 2003; Allison et al., 2006) simulation
toolkits are used, but the CRII model calculating the cosmic-
ray-induced ionization in the atmosphere is very important
as well (Usoskin et al., 2004, 2010). CORSIKA (Heck et
al., 1998) is a MC program used for the detailed study of
extended atmospheric shower evolution and of the show-
ers’ properties. The Geant4-based ATMOCOSMICS code
(Desorgher et al., 2005), usually combined with MAGNE-
TOCOSMICS, simulates the interaction of cosmic rays with
the Earth’s atmosphere, allowing the computation of the flux
of secondaries at different atmospheric depths and/or alti-
tudes. PLANETOCOSMICS is a more evolved code with re-
spect to MAGNETOCOSMICS and ATMOCOSMICS, ex-
tensively applied in the field of planetary cosmic ray stud-
ies, including Mars (Gronoff et al., 2015; Ehresmann et al.,
2011; Gurtner et al., 2005), Mercury (Gurtner et al., 2006),
Venus (Nordheim et al, 2015; Dartnell et al., 2015) and Ti-
tan (Gronoff et al. (2009a, b, 2011). The recently developed
DYASTIMA code includes many of the same features con-
sidered in PLANETOCOSMICS (e.g input of a custom at-
mospheric description, detection of primary and secondary
fluxes and directions at given altitudes, user-defined primary
cosmic ray spectra). Indeed, within DYASTIMA a series of
phenomena taking place in a planetary atmosphere during
and after its interactions with the incoming charged parti-
cle fluxes can be parameterized; hence, different simulation
scenarios (considering, for example, the primary cosmic ray
spectrum, the atmospheric structure and the magnetic field)
can be easily considered. On the other hand, the output of
DYASTIMA provides all the available information about the
number, the energy, the direction and the arrival time of the
secondary particles. Overall, DYASTIMA is an easy to use
application providing several pieces of output information
that can be fitted to a variety of external applications. The
most indicative input parameters that should be managed,
combined and transformed in order to be inserted in the ap-
plication, are the structure of the atmosphere (density, mixing
ratios of different components), the magnetic field, the spec-
tra of the incoming particles, the physical interactions that are
considered, the energy channels that are predefined in order
to accelerate the simulation, and the altitudes in which the in-
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Table 1. Input parameter values considered in DYASTIMA during its application to the Venusian atmosphere, for solar minimum and solar
maximum conditions.

Planetary properties

Parameter Value Comments

Planet radius 6052 km NASA Venus fact sheet
http://nssdc.gsfc.nasa.gov/planetary/factsheet/venusfact.html

World volume width 500km

Geometry model SPHERE

Air density change 10 %

Physics list FTFP_BERT_HP It uses Bertini-style Cascade (~ < 10 GeV), high-precision neu-
tron model (<20MeV) and Fritiof model for high energies
(>4 GeV). All standard electromagnetic processes are included.

Range cut 1 m

Surface pressure 92 100 mb

Gravity acceleration at the surface  8.869 m 572 NASA Venus fact sheet
http://nssdc.gsfc.nasa.gov/planetary/factsheet/venusfact.html

Spectrum altitude 150 km

Atmosphere Composition

Parameter Value Comments

Section number 1

Section start/end 0/150 km

Molecule/vol abundance C0O2/96.5 % N2/3.5 %

Kliore et al. (1985); Seiff et al. (1985); Keating et al. (1985)

formation about the cascade will be registered. The physics
list used in DYASTIMA contains all standard electromag-
netic processes (see Table 1).

In the current work, the assumed atmospheric composition
on Venus is 96.5 % vol CO; and 3.5 % vol N,. The atmo-
spheric description is based on the Venus International Ref-
erence Atmosphere (Kliore et al., 1985) and on the estima-
tions by Seiff et al. (1985) for the middle and lower atmo-
sphere (100-0 km) at low latitudes (u < 30°) and on those by
Keating et al. (1985) for the daytime upper atmosphere be-
tween 100-150km at low latitude (# = 16°). We note that
the considered atmospheric composition and densities are
the same as in Nordheim et al. (2015). The energy spec-
trum of the incoming galactic cosmic rays was obtained with
CREME2009 (https://creme.isde.vanderbilt.edu/) (Tylka et
al., 1997), in the range of ~ 1 MeV up to 100 GeV in inter-
planetary space at 1 AU. The galactic cosmic ray component
of the CREME2009 model is based on the International Stan-
dard Galactic Cosmic Ray Model of the International Orga-
nization for Standardization (ISO 15390:2004(E)) (Nymmik,
2006), with additional extensions, including the treatment of
anomalous cosmic rays at low energies (Tylka et al., 1997).
In this work we considered the galactic cosmic ray spectrum
for “solar quiet” conditions at solar maximum and minimum,
which represent ambient conditions in the absence of SEP
events (Nordheim et al., 2015). As the gradient of galactic
cosmic ray flux is very low within the inner solar system
(Fujii and McDonald, 1997), rescaling of the CREME2009
galactic cosmic ray fluxes to the orbit of Venus has not been
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considered in this study. We note that the galactic cosmic
ray energy spectrum considered here is the same as the one
considered in Nordheim et al. (2015), including also alpha
particles and heavier ions. All primary and secondary parti-
cles are tracked until they either come to rest within the at-
mospheric column or are absorbed by the planetary surface.
The settings used in DYASTIMA during its application to the
Venusian atmosphere are summarized in Table 2.

2.2 NMBANGLE PPOLA and inputs for the SEP event
cases under study

The NMBANGLE PPOLA model (Plainaki et al., 2010,
2014, 2015) is a modified version of the original NMBAN-
GLE model (Plainaki et al., 2007), based on the coupling co-
efficient method (Dorman, 2004). Both models have been ap-
plied numerous times in the past (e.g. Plainaki et al., 2007,
2009, 2010, 2014) with the scope to obtain the SEP proper-
ties during a solar event at the distance of 1 AU from the Sun.
The NMBANGLE PPOLA model couples SEPs (primary
particles) at a selected altitude in the Earth’s atmosphere with
the secondary particles detected by ground-based neutron
monitors during SEP events. This model dynamically calcu-
lates the SEP spectrum and the SEP flux spatial distribution
at a particular altitude in the atmosphere through the simula-
tion of the response of the terrestrial atmosphere to this pri-
mary population. A power-law SEP spectrum with two free
parameters (spectral index and amplitude) is assumed. SEPs
are assumed to be protons in the model’s current version. The

www.ann-geophys.net/34/595/2016/
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Table 2. Input parameter values used in DYASTIMA during its application to the October 1989 and May 2012 SEP events.

Parameter October 1989 event

May 2012 event

Spectrum
distance from the Sun.?

Obtained from CREME2009, scaled to Venus’

~ A R™7 with
A=355x10* parts m2s g lgvl,
y = —2.19 in the “peak phase”b

Simulated time periods
ning
at 13:00 UT): “worst week™™®

19-26 October 1989 (in total 180h, begin-

17 May 2012 02:00-02:05 UT (peak phase for the
relativistic proton energies >~ 0.5 GeV)P

17 May 2012 03:25-03:30 UT (arbitrary selected time lag
belonging to the event’s “main phase” for

energies > 100 MeV)°©

Energy range of 10-800 MeV*

impinging solar protons

100 MeV-1.7 GeVY

@ Based on the available satellite observations.

b Based on estimations using the NMBANGLE PPOLA space weather model. The NMBANGLE PPOLA results for the event’s spectrum (Plainaki et al., 2014) were obtained at
relativistic proton energies >~ (0.5 GeV. At lower energies the data were obtained from extrapolation of the model results. The SEP energy spectrum was scaled to Venus’ distance

from the Sun. See text for details.

¢ Selection based on the time series of the available GOES observations (Verronen et al., 2002) elaborated within the model (Tylka et al., 1997). See text for details.
d An approximate upper limit for the energy of the solar protons released during the event in May 2012 was obtained from the analysis of ground-based neutron monitor
measurements of the worldwide network (see, for details, Plainaki et al., 2014) in consistency also with estimations obtained in other studies (e.g. Li et al., 2013). The same upper

energy for the SEPs was assumed in the current simulations.

details of the physics considered in the NMBANGLE and the
NMBANGLE PPOLA models have been provided in the past
(see Plainaki et al., 2007, 2014). In this section we only give a
very brief description of the model and discuss the necessary
adaptation of its results in order to investigate the response
of the Venusian atmosphere to a specific event.

The NMBANGLE PPOLA model, when applied for the
Earth case, uses as inputs the response of the worldwide neu-
tron monitor network to the high-energy solar protons (i.e.
>~ 500MeV) and the disturbance level of the geomagnetic
field (through the use of the Kp index). A neutron monitor
is a ground-based instrument that records cosmic rays origi-
nating either from the galaxy or from the Sun and travelling
through the interstellar or interplanetary space. In particular,
a neutron monitor detects secondary particles generated after
the collisions of primary impinging particles (of galactic or
solar origin) with the nuclei of atmospheric atoms. Because
the intensity of cosmic rays hitting the Earth’s atmosphere is
in general not uniform, it is important to have neutron mon-
itors placed at different locations in order to obtain a com-
plete picture of the spatial and energy distribution of the pri-
mary populations. In this context, the NMBANGLE PPOLA
model treats the existing neutron monitor network (for a
detailed description, see Mavromichalaki et al. (2011) and
Plainaki et al. (2014) and references therein) as an integrated
omnidirectional spectrometer able to measure the character-
istics of the relativistic primary flux at a selected altitude in
the Earth’s atmosphere. In particular, in the NMBANGLE
PPOLA model, for the time period of an SEP event, ground-
based data from neutron monitor stations widely distributed
around the world are incorporated. The incoming charged
particle motion inside the geomagnetic field is taken into ac-
count and used as an input parameter in the model. Through

www.ann-geophys.net/34/595/2016/

the solving of the inverse problem, the model calculates the
spectral index and the amplitude of the incoming SEP flux at
some altitude in the Earth’s atmosphere, the direction of the
maximum flux and the spread of the actual flux around this
location (for example, the model can reveal whether an event
is highly anisotropic, i.e. with a small spread around the loca-
tion of the maximum SEP flux, or less anisotropic (i.e. with a
wide spread)). The reader is requested to refer to Plainaki et
al. (2007) and Plainaki et al. (2015) for a detailed description
of how the free parameters of the model connect to the actual
physical characteristics of the SEP event.

In the current paper, we investigate the response of the
Venusian atmosphere to two different cases of SEP events
(i.e. in October 1989 and in May 2012), assuming that the
directional properties of those solar particles allow their ar-
rival and penetration to the gas. Whereas for the recent event
of May 2012 we make use of SEP information derived di-
rectly from the NMBANGLE PPOLA (see below for details),
for the event in October 1989 we use the same SEP-related
information as in Nordheim et al. (2015), obtained with
CREME2009. Considering the SEP event in October 1989,
the use of the same inputs as the ones in the work by Nord-
heim et al. (2015), allows the possibility of a direct valida-
tion of our code, since both works refer to the same space
weather event. Considering the May 2012 event, we choose
to make use of the NMBANGLE PPOLA results because
they are derived using data from an extended neutron mon-
itor network (Mavromichalaki et al., 2011); hence, allowing
the direct reconstruction of the SEP energy spectrum in a
proton energy range extending up to a few GeVs (Plainaki
et al., 2014). The October 1989 event is known as one of
the most intense solar events ever observed (Miroshnichenko
et al., 2000). The SEP spectrum assumed in this work cor-

Ann. Geophys., 34, 595-608, 2016
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responds to the “worst week” scenario, as in Nordheim et
al. (2015). Such a scenario corresponds to particle fluxes av-
eraged over 180h beginning at 13:00 UTC on the 19 Octo-
ber 1989 (Tylka et al., 1996). The SEP fluxes obtained with
CREME2009 are based on the use of solar particle models
all based on GOES proton data and high-energy heavy-ion
measurements from the University of Chicago’s Cosmic Ray
Telescope (CRT) on the Interplanetary Monitoring Platform
8 (IMP-8). Proton and heavy-ion measurements for this event
extended to ~500-800 MeV, depending on species (Tylka
et al., 1997). Although there was evidence that higher ener-
gies than 800 MeV did indeed exist during that event (Cramp
et al., 1997), the CREME2009-based SEP spectrum we use
in the current study forces us to set the upper limit for the
impinging particle energy to ~ 800MeV. Such a choice of
course influences physically the results for the atmosphere
ionization (see the “Results and discussion” section); never-
theless, given the high uncertainty in the 1989 satellite mea-
surements, the use of the current SEP spectrum can be con-
sidered as a best-effort scenario.

Regarding the event on 17 May 2012, we examine the ion-
ization provoked by two distinct SEP populations, those of
high energy, i.e. >~ 0.5GeV, and those at energies in the
range from a few MeV up to about 0.5 GeV. For the first
population, we consider the results obtained from the NM-
BANGLE PPOLA application and, in particular, the SEP en-
ergy spectrum outside the terrestrial atmosphere, scaled to
Venus® distance from the Sun using a geometrical (1/R?)
factor. In particular, the SEP energy spectrum considered as
input for the DYASTIMA application is obtained from the
average over all latitude and longitude spectra obtained from
the NMBANGLE PPOLA model application for (1) the peak
phase (at high energies) of the event and (2) the main phase
of the event (see Fig. 3 in Plainaki et al., 2014). The consid-
eration of differential flux averaged for angles is a reasonable
choice since any spatial anisotropy in the SEP flux registered
at 1 AU does not necessarily occur at 0.72 AU. The second
SEP population is actually the one registered by satellites
(e.g. GOES and ACE); nevertheless, the low-energy resolu-
tion of the low-energy flux measurements during the event of
17 May 2012 does not allow their use in DYASTIMA. For
this reason, in the low-energy range, we choose to use the
extrapolated SEP spectrum obtained initially with the NM-
BANGLE PPOLA model. As previously, here the necessary
scaling factor, due to Venus’ distance from the Sun, is also
applied to the SEP fluxes. We underline that such a choice
may lead to an overestimation of the actual low-energy flux
(see Fig. 6 and discussion in Plainaki et al., 2014); neverthe-
less, comparison of the modelled low-energy fluxes with the
ones obtained from the satellites at the event’s peak phase
are in relatively good agreement, for the Earth case (Plainaki
et al., 2015). Since for both SEP populations the aim of the
simulation corresponding to the May 2012 solar event is to
examine the properties of the atmospheric cascade during a
moderate SEP event on Venus, we consider that the use of the
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scaled NMBANGLE PPOLA spectrum as an input does not
lead to significant errors in the overall estimation. Analyses
including detailed modelling of the particle propagation in
the interplanetary space, incorporating sophisticated modes
(e.g. ENLIL, Odstrcil, 2003), go beyond the scope of the cur-
rent paper. The inputs for the DYASTIMA application con-
sidering SEP fluxes are summarized in Table 2.

3 Results and discussion

The simulations performed with DYASTIMA considering
the inputs presented in Tables 1 and 2 allow the computation
of the total energy deposition versus altitude in the Venusian
atmosphere. On the basis of this information, the atmospheric
density and the mean ionization potential (assumed here to be
equal to 33.5¢eV, i.e. equal to the energy needed for the cre-
ation of one ion—electron pair in CO; according to Borucki
et al., 1982), we calculate the ionization rate as a function of
altitude.

3.1 Ionization due to SEP-atmosphere interactions

Assuming that the directional properties of the solar par-
ticles during the event on 17 May 2012 would have al-
lowed their arrival and penetration to the Venusian atmo-
sphere, we present in Fig. 1 the expected ionization profiles.
Since the maximum energy or rigidity of the SEPs arriving
at the Earth’s vicinity on 17 May 2012 is likely equal to
1.7 GeV/2 GV (Plainaki et al., 2014), the input spectrum con-
sidered in the current simulations extends the energy range
from 100 MeV (approximate overall lower limit for the NM-
BANGLE PPOLA model) to 1.7 GeV. The estimations in
Fig. 1 have been provided for the conditions at the “peak
phase” of the 5 min averaged fluxes at proton energies greater
than ~ 500 MeV, as observed at 1 AU and/or modelled.” In
Fig. 1, we have distinguished the contribution due to higher-
energy-charged particles from the one due to lower-energy
ones (a value equal to ~ 500 MeV was considered as the bor-
der between these two populations, consistent also with the
energy range in which the cosmic ray spectrum is subject
to solar modulation). As seen in Fig. 1, at higher altitudes
(>71 km) in the Venusian atmosphere the contribution to the
ionization due to lower-energy SEPs dominates. At lower al-
titudes, the more energetic particles have a major role in ion-
ization, resulting in a rate of ~ 70 ion pairscm™3s~! at the
altitude of 67 km. The total maximum of ionization due to
both solar particle populations is ~ 85 ion pairs cm ™ s~! and
is expected at the altitude of 70 km. During later phases of the
event, when the spectrum was softer (Plainaki et al., 2014;
Mishev et al., 2014), the ionization profile is more intense

2The identification of the “peak phase” has been done through
the modelling of the high-energy part of the SEP spectrum using
ground-based neutron monitor measurements from the worldwide
network of neutron monitors (see, for details, Plainaki et al., 2014).
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Figure 1. Ionization rate profiles in the Venusian atmosphere
due to the arrival and penetration of SEPs during the event on
17 May 2012. The results obtained from the NMBANGLE PPOLA
model, scaled to the distance of Venus, were considered as inputs in
the DYASTIMA application. The estimations presented here corre-
spond to the “peak phase” of the event, considered as the time that
the 5 min averaged fluxes at proton energies greater than 500 MeV
(as observed at 1 AU and/or modelled) reached their maximum flux.

and the maximum ionization takes place at higher altitudes.
In particular, in Fig. 2, the results of the application of DYAS-
TIMA to the May 2012 SEP event refer to the main phase
of the event, considered here as the time of the peak of the
fluxes at energies of at least 100 MeV. The results show that
the maximum ionization rate appears at the altitude of 78 km
and is equal to ~396 ion pairscm™3s~!. Based on these
results it becomes clear that variabilities in the SEP fluxes
during a solar event can provoke significant modifications in
the ionization efficiencies in the Venusian atmosphere. Based
on these results, it becomes clear that it is important to have
knowledge of the actual planetary space weather conditions
around Venus when interpreting atmosphere measurements.

In addition to the DYASTIMA results corresponding to
the May 2012 event’s main phase, in Fig. 2 we also present
the ionization profiles in the Venusian atmosphere due to
the arrival and penetration of SEPs during the event in
October 1989 (worst week). For comparison we include
also the estimations by Nordheim et al. (2015) referring
to the October 1989 event (worst week). It is clearly seen
that the results obtained with DYASTIMA and the ones by
Nordheim et al. (2015) are very similar. In particular, us-
ing the DYASTIMA code, we find that the maximum ion-
ization rate appearing at the altitude of 94km is equal to
7164 ion pairs cm—3 s7L. Nordheim et al. (2015) found the
ionization peak at 95 km, equal to ~ 7000 ion pairs cm ™3 s~ 1.

During the event in May 2012, lower ionization rates are
expected (by a factor of ~ 18 at the ionization maximum)
with respect to their values during the event in 1989. This is
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Figure 2. lonization rate profiles in the Venusian atmosphere due to
the arrival and penetration of SEPs during different events. For the
event in October 1989 the results of the current study obtained with
DYASTIMA (blue line) and the results by Nordheim et al. (2015)
(red line), both refer to the event’s “worst week”. The results of the
application of DYASTIMA to the May 2012 SEP event (green line)
refer to the “main phase” of the event, i.e. after the peak time of the
low-energy (of at least 100 MeV) proton fluxes (see also Table 2).

due to the relatively less intense SEP fluxes occurring dur-
ing the 2012 event. Nevertheless, the maximum of the ion-
ization rate is at a lower altitude during the event of 2012
than during the 1989 event. Such a difference is justified
on the basis of the SEP spectrum used as an input in the
DYASTIMA simulations, extended to higher energies (up
to 1.7 GeV) when applied to the 2012 event than when ap-
plied to the 1989 event (up to 800 MeV). As mentioned also
in Sect. 2.2, our choice for the input SEP spectrum for the
1989 event was limited due to the outputs provided by the
CREME2009 model. However, there is evidence that the ac-
tual SEP energies extended to > 1 GeV (Cramp et al., 1997).
Therefore, the DYASTIMA results corresponding to the 1989
event, as well as those by Nordheim et al. (2015), are only
approximate. We predict that in the case of a more realis-
tic SEP spectrum (i.e. extending to higher proton energies)
being used, the ionization profile corresponding to the event
in 1989 would have a maximum at a somewhat lower alti-
tude. By contrast, we would not expect a significant vari-
ation in the ionization rate intensity. This is because rele-
vant studies performed for the Earth case have shown that
within the range of SEP energies (and in particular in the
typical range 200 MeV-1 GeV), the actual cross section of
the proton—air interaction increases rapidly with decreasing
energy (see Fig. 4.2 in Heck et al., 1998; Fesefeldt, 1985).
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Figure 3. Ionization rate profiles in the Venusian atmosphere, as a
function of altitude, derived with the DYASTIMA application. The
interactions of the galactic cosmic rays with the gas were examined
for both solar minimum and solar maximum conditions.

3.2 The ionization background induced by galactic
cosmic rays

In Fig. 3 we present the ionization profile in the Venusian
atmosphere due to galactic cosmic rays during solar min-
imum and solar maximum conditions, as derived from the
application of DYASTIMA. Our results show a peak equal
to ~ 58 ion pairscm ™3 s~! at 63 km at solar minimum and
a peak equal to ~43 ion pairscm > s~! at 64km at solar
maximum. We note that the profiles above these altitudes are
very steep, whereas, at altitudes lower than ~ 56 km, the ion-
ization rates for both cases are quite similar. This result was
indeed expected since only the higher-energy cosmic ray par-
ticles, which are not subject to solar modulation, can pene-
trate to deep atmospheric layers. At solar minimum, above
the altitude of ~ 56km, the ionization profiles are consis-
tently higher than those at solar maximum by a factor higher
or equal to 1.3. This is a natural consequence of the harder
galactic cosmic ray spectrum during solar maximum.

In Fig. 4 we present the ionization profile in the Venu-
sian atmosphere due to galactic cosmic rays, as derived from
the application of the DYASTIMA code, in comparison with
the estimations in other studies. We note that at most alti-
tudes our results are practically identical to those by Nord-
heim et al. (2015), which is due to the similar inputs (e.g.
atmospheric composition and densities) and codes (based on
Geant4) used in both studies. We note that at low atmospheric
altitudes (<~ 45km), where statistics are poor compared to
those at lower atmospheric depths, the variations in the rates
estimated with DYASTIMA are likely due to statistical noise
inherent in the Monte Carlo approach. The work by Borucki
et al. (1982) predicted an ionization peak that is ~28 %
higher in magnitude than the one in the present study, occur-
ring nevertheless at almost the same altitude, i.e. at 64 km. In
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Figure 4. Ionization rate profiles in the Venusian atmosphere, as
a function of altitude, derived with the DYASTIMA application
for solar minimum conditions, in comparison with the estimates in
other studies.

the work by Dubach et al. (1974) a peak ionization rate equal
to ~ 49 ion pairs cm > s~ ! was estimated. This value is lower
than the estimate in the current study, but it is worth noticing
that Dubach et al. (1974) also find this peak at the same alti-
tude as the one our model predicts, i.e. at 63 km. Both stud-
ies by Borucki et al. (1982) and Dubach et al. (1974) made
use of approximate solutions to the Boltzman transport equa-
tion. Since such a method is less reliable at large atmospheric
depths (Nordheim et al., 2015), their ionization rates at low
atmospheric altitudes are higher than our predictions as well
as those by Nordheim et al. Above ~70km the ionization
rates by Borucki et al. (1982) and Dubach et al. (1974) are
lower than the values in this study and in the study by Nord-
heim et al. (2015). For comparison we include also the results
by Upadhyay and Singh (1995), who found a significantly
higher ionization peak with respect to the ones estimated in
the other studies, equal to 10° ion pairscm™3s~! at the al-
titude of 64km and a broad muon-related ionization peak
in the lower-altitude atmosphere. No previous or subsequent
study shows the same sort of ionization profile as predicted
by that paper. Indeed, this is also the case for the results pre-
sented in this manuscript, which are broadly consistent with
the other previous ones. Maybe these discrepancies are due
to different values of the average ionization energy (equal
to ~11.5eV in Upadhyay and Singh (1995) and equal to
~33.5eV in the current study). As Nordheim et al. (2015)
noted, however, a complete and in depth comparison among
models is not possible since the coverage in altitudes is not
the same among all these studies.

The ion pair production rates by galactic cosmic rays pro-
vided in this paper show peaks ranging between 63 and
64 km depending on the solar activity cycle. A number of
phenomena can be potentially related to this production.
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The presence of intense ionization at lower altitudes with
respect to the ones corresponding to the Earth’s case suggest
the possibility of lightning discharge in Venus’ atmosphere.
Indeed, several studies suggest lightning discharges above,
between or within the clouds of the Venusian atmosphere
(Borucki, 1982; Gurnett et al., 2001). The reports of obser-
vations indicating Venusian lightning (for example through
radio wave detection) are limited (see Ksanfomaliti et al.,
1979; Russell et al., 2007; Taylor et al., 1979a, b) and the
details of the exact mechanism causing lightning in the at-
mosphere are largely unknown. Cloud-to-ground discharges
are unlikely in the warmer and denser regions of the atmo-
sphere of Venus (Aplin, 2006; Gurnett et al., 2001).

The large datasets collected by Venus Express instru-
ments have recently stimulated important efforts on theoret-
ical modelling of aerosol formation and growth in the Venu-
sian atmosphere and comparison with experiments (see re-
cent examples in Merikanto et al., 2016; Duplissy et al.,
2016; and Maiittdnen et al., 2015). In this context, the sim-
ulation results in this study can be used as complementary
inputs, since we confirm here that cosmic rays can indeed
ionize the Venusian atmosphere at large depths, as demon-
strated in previous studies (e.g. Dubach et al., 1974; Borucki
et al., 1982; Aplin, 2006, 2013; Michael et al., 2009; Nord-
heim et al., 2015). Such ionization processes appear well
within the region of aerosol occurrence, possibly enhancing
the efficiency of condensation nuclei.

Several datasets from Venus Express suggest the occur-
rence of relatively rapid variations (a few days) in the air
temperature in the lower thermosphere (indicatively 100—
120 km). These phenomena have been reported in the analy-
sis of the SPICAV/SOIR (Spectroscopy for Investigation of
Characteristics of the Atmosphere of Venus/Solar Occulta-
tion in the Infrared) (Piccialli et al., 2015; Mahieux et al.,
2015) and VIRTIS (Visible and Infrared Thermal Imaging
Spectrometer) (Peralta et al., 2016) data. Notably, Peralta et
al. (2016) did not find any correlation between rapid tempera-
ture variations and overall solar activity as measured by solar
radio flux at 10.7 cm (considered as a proxy for the overall
UV flux). Our results and those of Nordheim (2015) in Fig. 4
suggest, however, that these altitudes can be prone to impor-
tant ionization at least in the case of major SEP events. Fu-
ture investigation on the possible role of SEPs in the observed
rapid variations in the air temperature in the lower Venusian
thermosphere may provide some feedback in this direction.

The maximum ionization due to galactic cosmic rays oc-
curs at lower altitudes in the Venusian atmosphere (see Fig. 3
and Sect. 3.1) than the one due to SEP events. This happens
because the energy-dependent cross section of the proton—air
interaction increases rapidly with decreasing energy in the
0.2-1 GeV range, whereas it remains consistently lower in
the energy range from 2 GeV up to 100 GeV (see Fig. 4.2.
in Heck et al., 1998). As a result, the more energetic an im-
pinging charged particle is, the less it interacts with the at-
mosphere and, hence, the more it penetrates to deeper layers.
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Since the galactic cosmic ray spectrum extends to higher en-
ergies, it is reasonable that the maximum of the ionization
due to galactic cosmic rays is expected to lower atmosphere
altitudes with respect to the ones where maximum ionization
due to SEP-atmosphere interaction appears. Finally, in the
context of planetary space weather, we find that for condi-
tions similar to those during the SEP event in May 2012, the
maximum ionization in the Venusian atmosphere, appearing
at the altitude of ~ 78 km, is by a factor of up to ~ 100 above
the expected ionization due to the galactic cosmic ray back-
ground. For conditions similar to those during the SEP event
in October 1989, the enhancement in the maximum ioniza-
tion rate, appearing at the altitude of ~ 94 km, is almost 5 or-
ders of magnitude higher than the average background rate
due to the galactic cosmic rays.

4 Considerations in the context of planetary space
weather in view of future observations

The fluxes and energy spectra of SEPs vary greatly with time
and may produce ionization at low altitudes in a planetary
atmosphere (Leblanc et al., 2002; Brain et al., 2009; Nord-
heim et al., 2015). For example, in the single event simulated
by Leblanc et al. (2002), the ionization rate in the Martian
atmosphere was greatest at 90—100 km, similarly to the find-
ings by Brain et al. (2009) corresponding to a different SEP
event. For Venus, the results obtained with DYASTIMA for
both SEP cases studied in the current paper, show a clear de-
pendence of the ionization processes on the space conditions
around the planet and in particular on the considered SEP
energy spectrum. Our simulations indicate that the harder
the SEP spectrum is assumed to be, the lower the altitude
of the maximum ionization is. Equivalently to the circum-
terrestrial space weather, therefore, planetary space weather
on Venus could be the driver for numerous processes related
to atmospheric cascades and energy deposition. At the alti-
tude of maximum ionization induced by galactic cosmic rays
(~63-64km), a surplus in the ionization is expected in the
case of an SEP event. In particular, for conditions similar
to the ones during the SEP on 17 May 2012, at the altitude
of maximum ionization due to galactic cosmic rays, an ion-
ization surplus ranging between 82 and 112 % is expected.
Similarly, for conditions similar to the ones during the SEP
in October 1989, an ionization surplus ranging between 236
and 319 % is expected at this altitude. Although these spec-
ulations do not have a strong statistical accuracy, given the
limited number of the studied SEP event cases, they provide
evidence of a strong influence of the space weather condi-
tions upon the Venus environment, sensed even at relatively
low altitudes in the atmosphere.

Low-altitude (<~ 80-100km) atmospheric ionization
measurements on Venus are currently not existent (we note
that the available ionospheric radio sounding observations
performed with the radio science experiment VeRa on Venus
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Express (Peter et al., 2014) covered the region with alti-
tudes >~ 100 km). Therefore, a comparison between the re-
sults presented in the current paper and real measurements
is currently not possible. Nevertheless, there is some indi-
rect observational evidence that SEP precipitation can af-
fect the lower ionosphere of Mars. In particular, the radar
sounder MARSIS finds some strong signal attenuation after
SEP events (Withers, 2011). Moreover, the radio science ex-
periment MaRS has found some disturbances in the lower
ionosphere, and one of the possible explanations was that of
SEP precipitation (Peter et al., 2016).

Future in situ ion detection, radar sounder observations of
ionospheric attenuation, as well as radio occultation mea-
surements during SEP events could provide information on
the ionization resulting from the precipitation of these ener-
getic particles in the Venusian atmosphere. In this context,
knowledge of the electron density profiles is important for
drawing conclusions about the lowest frequency for which
the degradation of radio communication by ionospheric at-
tenuation during SEP events is minor (Withers, 2011). The
results of the ion production rates presented in the current
paper could serve as a first-order feedback in this direction.
For example, based on our estimated maximum ionization
rate during an SEP event, we can calculate the expected peak
electron density. In particular, if we assume that all ions are
rapidly converted into O;’ ions (Schunk and Nagy, 2009),
consistent with model results of the lower Venusian iono-
sphere showing an O;/electron ratio of >90 % at the iono-
spheric main peak (Fox and Sung, 2001), then the expected
peak electron density at solar zenith may be given by the fol-
lowing formula (Peter et al., 2014):

Py
Ne= | —,
(102—

where P; is the maximum value of the total ion-electron
production rate (in cm™3s™!) and ap+ is the O;r dissocia-
tive recombination coefficient. (Note that the large percent-
age of O;r in the Venusian ionosphere around the main peak
allows us to assume, at first approximation, that every ion
produced instantly becomes an O; ion and that the dis-
sociative recombination of O; , O; +e~ —> 040, is the
only loss process for electrons). Considering the estimated
maximum ion-electron production rates for both SEP events
studied in the current paper (see Sect. 3) and assuming that
agt = 2% 1077 em3s~! (Withers, 2011), we estimate a peak

electron density equal to 4 x 10* cm =3 (for conditions similar
to those during the SEP in 2012) and equal to 2x 10°> cm ™3
(for conditions similar to those during the SEP in 1989). We
note, however, that since it is unlikely that all energy is con-
sumed for the ionization of the Venusian atmosphere, the
peak electron densities calculated here are probably overes-
timations. Further simulations, possibly including (a) iono-
spheric chemistry that may lead to electron densities not
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proportional to the energy deposition rate and/or (b) sec-
ondary electron production by electron impact (Wedlund et
al., 2011), are necessary in order to draw firm conclusions for
the electron density profile in the Venusian atmosphere. It is
worth noting, however, that the SEP flux is in general highly
variable (Mason et al., 1999); hence, the results in the current
study should be considered as a first-order identification and
quantification of changes in the Venusian atmosphere dur-
ing two representative SEP events. In the future, theoretical
space weather investigations on Venus can provide feedback
in two directions: (a) to uncover the details of the variations
of the plasma—atmosphere interactions and their impact on
the gas composition and spatial redistribution; (b) to provide
constraints in the means of ionized particle radiation during
different periods of solar activity.

As in the Earth’s case (Verronen et al., 2002), SEP events
may also affect the concentrations of middle atmospheric
constituents on Venus. Although in the current study we do
not examine this aspect of the interaction, our results provide
a feedback that may be of help during the development of
future sophisticated ion and neutral models. In particular, the
ion production rate at different atmospheric layers estimated
in this study is a quantity that is strongly related to the de-
position rate of energy at each altitude and, hence, with the
further ionization and dissociative ionization processes of in-
dividual constituents. Whereas the effects of galactic cosmic
rays and SEPs can be very strong locally in the polar cap re-
gions of the Earth, affecting the physical-chemical and elec-
trical properties of the ionosphere and atmosphere at these
regions (Velinov et al., 2013), on Venus their actual impact
is expected to expand over the whole dayside atmosphere.
Therefore, during the planning of future missions to Venus
and the determination of observation strategies, the expected
space weather conditions and their variability on different
timescales have to be taken into account.

We underline that the results obtained with DYASTIMA
correspond to average conditions on the low-latitude Venu-
sian dayside atmosphere; nevertheless, our code allows the
model application for any set of galactic cosmic ray and/or
solar plasma conditions as well as atmosphere composition.

5 Conclusions

The estimations presented in this paper show that any vari-
ability in the energy spectrum and integrated flux of the
SEPs arriving in the vicinity of Venus is likely to result in
variations of the cascade properties and particle ionization.
Aplin (2013) had previously suggested that such ionization
processes may have effects on the local neutral densities,
cloud formation and chemistry in deep atmospheric layers.
It is therefore of significant importance to understand and
quantify such planetary space weather phenomena on Venus
in the context of future mission (e.g. the Deep Atmosphere
Venus Investigation of Noble gases, Chemistry, and Imaging
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(DAVINCI); the Venus Emissivity, Radio Science, InSAR,
Topography, and Spectroscopy mission (VERITAS)) prepa-
ration and also data interpretations of previous missions (e.g.
Venus Express).

Through the application of the DYASTIMA code, the
SEP-induced ionization profiles in the Venusian atmosphere
were estimated and approximate constraints in the expected
surpluses were provided. Our main conclusions can be sum-
marized as follows:

1. During SEP events, a surplus in the ionization rates in
the Venusian atmosphere is expected; such a surplus is
highly variable, depending strongly on the SEP energy
spectra. Based on the examined SEP cases, the ioniza-
tion rate during SEP events is expected to be higher than
the background ionization due to galactic cosmic rays,
by a factor ranging between 10% and ~ 10°, during the
event’s main phase.

2. For both SEP events under study, the maximum ion-
ization appears at altitudes which are by ~6-30km
higher than the one where the maximum ionization due
to galactic cosmic rays appears (i.e. 63—64 km).

3. At the altitude of ~ 63-64 km, the presence of an SEP
event can induce a surplus in the ionization rate of up to
319 % with respect to its background due to the galactic
cosmic-ray—atmosphere interactions.

Such speculations can be useful in the context of future plan-
etary space weather studies (Lilensten et al., 2014; Plainaki
et al., 2016) and preparation for future missions to Venus.
Cosmic rays may have a significant role in the ionic and elec-
tronic charges for charge separation arising from dynamical
processes in the Venus cloud altitudes and likely in the gen-
eration of Venus lightning (Borucki et al., 1982; Levin et al.,
1983; Yair, 2012; Yair et al., 2008; Nordheim et al., 2015;
Michael et al., 2009). For example, Levin et al. (1983), as-
suming that charge separation and lightning discharges oc-
cur on other planets in ways similar to those in which they
occur on Earth, concluded that lightning on Venus will prob-
ably be found in clouds that are located in regions of con-
vection such as those observed downwind of the subsolar
point. Moreover, Michael et al. (2009) carried out modelling
of cloud particle charging in the Venusian atmosphere, dis-
cussing implications for lightning. The estimated presence
of finite charges in the Venusian atmosphere, due to the gas
interaction with SEPs, makes the charging of Venus clouds
due to solar particle attenuation and degradation possible.
Although further studies are necessary in order to investigate
this phenomenon, the results presented in the current study
may be useful feedback in this direction.
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