
scenario, the ionization peak also occurs at !95 km, but ionization
rates at the peak are even greater, at !1.6 " 105 ion pairs cm#3 s#1,
over 6 orders of magnitude above GCR background levels. The
ionization rate due to SEP near 63 km is over an order of magnitude
greater than the contribution from the GCR peak.

While the results presented herein are computed for average
conditions on the low-latitude venusian dayside, any specific
atmospheric and cosmic ray conditions can be simulated by our
model. This is particularly relevant for comparisons with in-situ
atmospheric measurements by future missions to Venus.

4. Discussion

The interaction of SEP and GCR particles with the venusian
atmosphere has been modeled for the first time using a full 3D
treatment of discrete primary and secondary particle interactions.
Near the ionization peak, the results for GCR conditions at solar
minimum are similar to those of Dubach et al. (1974) and
Borucki et al. (1982), which make use of approximate solutions
to the Boltzmann transport equation (O’Brien, 1971). The reported
ionization rates above the ionization peak are significantly lower
than what is seen in the present study. However, these studies
did not explicitly simulate primary particles of Z > 1, and it has
been shown that the contribution from the High Z component of
the GCR spectrum is significant at high altitudes on Titan and Earth
(Gronoff et al., 2011; Velinov and Mateev, 2008). In addition,
Borucki et al. (1982) estimates higher ionization rates in the lower
atmosphere by as much as an order of magnitude at ground level.
Whereas our study models the discrete interactions in the air
shower, Borucki et al. (1982) makes use of an analytical approxi-
mation for the atmospheric cascade (Capone et al., 1979; O’Brien,
1971), which is known to be less reliable at large atmospheric
depths, where the air shower is more fully developed and the
‘‘hard’’ (muon) component dominates (Bazilevskaya et al., 2008).
We find that the predicted cosmic ray ionization rates of
Upadhyay and Singh (1995) significantly disagree with the other
studies at all altitudes.

It is worth noting that recent theoretical work by Simon Wedlund
et al. (2011) suggests a new value for the ionization potential W for
CO2-dominated atmospheres that is slightly lower than the
values reported by previous theoretical and experimental studies.
If indeed this is confirmed by further investigations and the
consensus regarding the correct value of W changes, the ionization
profiles presented herein may simply be re-scaled to reflect this
difference.

As illustrated in Fig. 8, cosmic rays due to SEP and GCR are the
dominant source of atmospheric ionization in the middle and
lower venusian atmosphere (below !100 km). The predicted day-
time EUV/X-ray ionization rates of Peter et al. (2014) for low solar
zenith angles (v = 23.1!) are shown for comparison and can be seen
to peak at a much higher altitude of 140 km. Based on density scal-
ing, (Borucki et al., 1982) estimated that atmospheric ionization
due to decay of radioactive minerals is confined to within
!100 m of the surface. By comparing the measured abundance of
radioactive elements on the surface made by Venera 8
(Vinogradov, 1973) with that of terrestrial granites, (Aplin, 2006)
estimates an atmospheric ionization rate in this near-surface layer
of !0.01 ion pairs cm#3 s#1. While this is comparable to the atmo-
spheric ionization rate at the surface due to cosmic rays reported
by Borucki et al. (1982), we find that near the surface, the predicted
ionization rates due to radioactive decay are roughly an order of
magnitude greater than that due to cosmic rays.

Atmospheric ionization due to cosmic rays is a fundamental
process, and the results of the present study are relevant to a wide
range of interdisciplinary topics within Venus atmospheric
research. In a dense planetary atmosphere, such as that of Venus,
ions and electrons produced by cosmic rays will interact rapidly
with atmospheric neutrals to produce secondary ions and ion clus-
ters. The atmospheric conductivity is governed by the mobility of
these long-lived secondary species, whose lifetimes are limited
by their recombination rates with ions of opposite charge and by

Fig. 5. Ionization rate by altitude for the solar maximum (GCR) scenario.

Fig. 6. Ionization rate by altitude for the ‘‘worst week’’ (SEP) scenario.

Fig. 7. Ionization rate by altitude for the ‘‘peak’’ (SEP) scenario.
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