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Abstract. The Pioneer Venus and Venus Express missions, and the Mars Express and MAVEN
missions, along with numerous Earth orbiters carrying space physics and aeronomy instruments,
have utilized the increasing availability of space weather observations to provide better insight
into the impacts of present-day solar activity on the atmospheres of terrestrial planets. Of most
interest among these are the responses leading to escape of either ion or neutral constituents,
potentially altering both the total atmospheric reservoirs and their composition. While debates
continue regarding the role(s) of a planetary magnetic field in either decreasing or increasing
these escape rates, observations have shown that enhancements can occur in both situations in
response to solar activity-related changes. These generally involve increased energy inputs to
the upper atmospheres, increases in ion production, and/or increases in escape channels, e.g. via
interplanetary field penetration or planetary field ‘opening’. Problems arise when extrapolations
of former loss rates are needed. While it is probably safe to suggest lower limits based simply on
planet age multiplied by currently measured ion and neutral escape rates, the evolution of the
Sun, including its activity, must be folded into these estimations. Poor knowledge of the history
of solar activity, especially in terms of coronal mass ejections and solar wind properties, greatly
compounds the uncertainties in related planetary atmosphere evolution calculations. Prospects
for constraining their influences will depend on our ability to do a better job of solar activity
history reconstruction.

Keywords. solar wind Interactions, solar activity, space weather effects

1. Introduction

Planetary atmospheric loss to space, often referred to as escape, is but one element
in efforts to understand what led to the present conditions of each member of our solar
system. Of special interest are the terrestrial planets within (or close to) the habitable
zone. These both relate to our own circumstances here on Earth, and also continue to be
discovered in increasing numbers among the extrasolar planets (e.g. Tsiaras et al. 2019),
giving impetus to the search for life elsewhere. As a result, the trio of Venus, Earth and
Mars has been subject to targeted investigations in the form of space exploration toward
understanding the similarities and contrasts among the three, as well as implications for
their past and future, and for other worlds. In particular, Mars currently has a relatively
thin COy atmosphere, with pressure roughly equivalent to what would be present if
the Earth’s atmosphere started at stratospheric altitudes. Yet there is surface evidence
suggesting an early atmosphere that had sufficient pressure to allow lakes, and perhaps
even seas, to form (e.g. Villanueva et al. 2015). Alternatively, Venus has the atmospheric
equivalent of Earth’s carbonate rocks present in gaseous form, forming a thick COq
atmospheric blanket that has produced a ‘runaway greenhouse’, hostile to familiar forms
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Figure 1. Illustrations of particle velocity distributions leading to Jeans or thermal escape
(left), and its ‘non-thermal’ counterpart (right). In thermal escape, the distributions are
described by Maxwell-Boltzmann functions, while in non-thermal escape, they depart from that
behavior in many different ways that alter the distribution above the escape velocity, including
the broadening at high energies suggested here, or even a shift to the right or left.

of life and even robotic explorers (Kasting 1988; Hall 2019). Yet this thick atmosphere
is also largely devoid of water, as is the extremely hot surface. How did these planets
and their atmospheres become so different, presuming they formed in roughly the same
pre-planetary nebula around the Sun? Their respective distances from the Sun surely
played some part, as did the smaller mass of Mars. But did their magnetic field histories
also play a role? The different consequences of their photochemistry? More specifically,
in light of the subject of this paper, did their atmospheric escape histories differ in ways
that led to their present states?

One thing that is certain is that the Sun plays a dominating role in planetary atmo-
sphere behavior through its effects on heating and atmospheric chemistry. Some of these
effects are straightforward and concern the usual vaporization, thermalization, and pho-
tochemical processes. Others are less direct and often involve complex chains of different
physical phenomena. But all essentially depend on the intensities and spectra of solar pho-
ton and particle emissions, which vary greatly with solar activity. Available observations
now provide a good basic picture of some of these atmospheric energization processes,
including their dependence on the planets’ seasons and solar activity cycle phase. Coupled
with the expectation that the more active solar conditions must have prevailed early in
the planets’ evolution, which is inferred from observations of Sun-like stars, these give
further incentive for considering the long-term consequences of escape. On the threshold
of new observations and rapidly expanding interests in terrestrial planet-star interac-
tions, it is worth considering how well we understand the solar activity control of the
current atmospheric losses to space, as well as identifying what more can be done to
better constrain its impacts.

2. Escape processes

The basic physics of atmospheric escape is relatively simple: any process or chain of
processes that energize some particles in a planetary atmosphere to speeds greater than
the escape velocity Vesc = (2MG/r)*/2 (~10-11 km/ for Earth and Venus, ~5 km/s for
Mars) can lead to loss of constituents to space. Most of these losses occur from the upper
terrestrial atmospheres, where the surface boundary layer and thermalizing collisions
become rare. Escape processes may be ‘thermal’ or ‘nonthermal’, ‘bulk’ or ‘kinetic’, and
often involve ionized species affected by electric and magnetic fields. Figure 1 illustrates a
few of these. In thermal or ‘Jeans’ escape of neutral gas above the ‘exobase’, the altitude
at which Venus, Earth and Mars atmospheres transition to a more collisionless behavior
can be lost if they are outward-directed and not on ballistic or orbiting trajectories.
This is due to density falloff with altitude, outward-bound particles belonging to the
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typical Maxwell-Boltzmann velocity distribution above the escape speed. In this case, a
hotter gas results in more escape. In the contrasting case of ‘non-thermal’ escape, some
acceleration or energization process creates a non-Maxwellian distribution where the
numbers of particles above the escape speed increase. Non-Maxwellian distributions can
take many forms, and the processes leading to them may not affect the entire velocity
distribution, as in the case illustrated here. However, as for the thermal process, the
requirement for a particle’s leaving the planet is the same. If the species is ionized, the
basic requirement regarding escape speed and trajectory are the same, but a host of
new energization mechanisms comes into play. In fact, ionization is often a key factor
in enabling significant escape, as described below in the context of our three planetary
examples.

3. Contrasts between Venus, Earth, and Mars Escape

The present-day compositions of the Venus, Earth and Mars atmospheres tell part
of the story of long-term atmospheric escape. As mentioned above, both Venus and
Mars have COs-dominated atmospheres that show a relatively extreme lack of water
in their atmospheres and on their surfaces. In contrast, Earth’s air blanket is nitrogen-
rich, in large part because its COs content has been removed by our liquid water, which
has transformed it to carbonate rocks (e.g. Fegley 2014). The focus of interest is thus
often on H and O escape, and their role in determining a planet’s surface water. In
particular, debate often centers on what role a planetary magnetosphere like Earth’s plays
in ‘shielding’ the atmosphere from processes that lead to escape of these constituents.
In exploring this still open question, potentially important information is available in
the physics of current atmospheric loss at each of these bodies, apart from the thermal
escape differences that are due to their different heliocentric locations.

Earth’s magnetospheric solar wind interaction converts the incident energy and
momentum of the solar wind into a number of different forms. The solar wind convection
electric field (E = -Vsw x B) maps into the high latitude ionosphere along open mag-
netic field lines, where it drives large-scale, cross-polar cap motion in the partially ionized
upper atmosphere. The upper atmosphere there is the main reservoir for escape. Light
hydrogen atoms undergo Jeans escape, but hydrogen ions also move outward along the
‘open’ magnetic field lines in the polar cusp and polar cap where interconnections between
Earth’s magnetic field and the interplanetary field occur, as illustrated in Figure 2a. This
light ion ‘polar wind’, which also includes helium ions, is enabled by an ambipolar electric
field that develops along the field lines due to gravitational separation of the oppositely
charged heavier ion and light electron populations. Other energization of ions occurs in
the magnetotail, where there is internal magnetospheric magnetic reconnection occurring
as part of the magnetosphere’s global circulation. These dynamics lead to suprathermal
electron precipitation in the auroral zone that heats and ionizes upper atmosphere neu-
trals, resulting in the upward acceleration of an ‘auroral wind’ of heavier ions, including
O-+. The details of the latter (see Figure 2b) appear to involve wave-particle interactions
that add energy perpendicular to the locally vertical magnetospheric field, which is then
converted by the magnetic mirror force to form upward moving, field-aligned ‘beams’
and ‘conic’ ion distributions with speeds greater than the escape speed. The efficiency,
and thus effects, of this conversion, as well as the extent to which the outgoing O+ is
contained within the closed fields of the magnetosphere (e.g. as part of the ring current),
versus escape on open field lines are still open questions.

If the upward-flowing ions eventually escape Earth, estimates of the flux based on their
density ~ 10° cm—2, and velocity ~ 1 km/s, give values ~ 10!° cm~2s~!. When the area
of the atmospheric footprint over which they are observed is considered, (e.g., 1000 km
x 100 km, based on global average precipitation maps such as that in Figure 3a), the
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Figure 2. a) Illustration from Moore & Horwitz (2007) of the magnetic topology of the coupled
solar wind-magnetosphere system (for Southward interplanetary field), showing the various ion
flows within the system. Outflows from the high-latitude ionosphere can either escape to space
along open magnetic field lines or enter the plasma sheet region of the magnetotail, where
they either recirculate in the magnetosphere or are ejected as part of plasmoids resulting from
the magnetotail reconnection processes. b) Illustration from Moore & Horwitz (2007) of the
many plasma physical processes occurring in the high latitude ionosphere that can lead to ion
energization and escape.
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Figure 3. a) Illustration of the statistical footprints of electron precipitation inferred from high-
latitude total electron content (TEC) obtained from GPS satellite transmissions (Walsh et al.
2014). Noon is at the top in these figures. The red tongue-like feature is the magnetospheric cusp
location. b) Illustration of ion escape, including the closed field locations where charge exchange
with ambient neutrals provides additional loss in the form of the produced energetic neutrals.

net outflow rate is ~ 10?° s~!. In addition, for the ions injected from below that are on
closed field lines and contribute to the magnetospheric ring current (Figure 3b), charge
exchange with high altitude neutral atoms of the primarily H exosphere leads to added
non-thermal escape of the resulting energetic neutrals. This is especially important for
H escape, with rates of up to ~10 27 /s if limited by the rate of supply from below.

In contrast to the Earth, planetary magnetic fields do not prevent a direct solar wind
interaction with the atmospheres at Venus and Mars, as can be seen by comparing
Figure 3a with Figures 4a,b. The solar wind both upstream of the bow shock and in the
magnetosheath around these planetary ‘obstacles’ penetrates into their neutral upper
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Figure 4. a) Illustration of the Venus-solar wind interaction; (b) The Mars solar wind inter-
action has the addition of crustal magnetic fields which add to the obstacles’ and processes’
complexities, but is in some basic ways, similar to the Venus case (reproduced from Russell
et al. 2016).

atmospheres. As a result, atmospheric/ionospheric energization processes are different
than at Earth. In addition, due to the scaling of these much smaller obstacles, both
fluid-like and kinetic (test particle-like) processes come into play. For example, the solar
wind convection electric field ‘picks up’ the ions produced in the region of overlap by
photoionization, electron impact, or charge exchange with solar wind protons, as well
as ions transported there from below. This process effectively ‘mass loads’; and thus
further slows the solar wind plasma that is being deflected around Venus and Mars by
combinations of ionospheric induced currents and (in the case of Mars) crustal magnetic
fields, helping to create the highly draped fields of their comet-like induced magnetotails.
But the gyroradii of the picked-up heavy (e.g. O+) ions can be comparable to, or larger
than, the planetary radius, as illustrated in the left panel of Figure 4a and in Figure 5b,
which show the Venus-solar wind interaction features. This leads to partial deposition
of the energized planetary pickup ions back into the planets’ upper atmospheres, with
the possible outcome of additional neutral upper atmosphere losses by the sputtering
process (e.g. see discussion in Curry et al. 2015). The field draping in the magnetosheath
and magnetotail regions also exerts another force on the planetary ions, referred to as
the magnetic tension force in Figure 5a. Also known as the magnetic ‘slingshot’ force,
it sweeps up planetary ions where the ionosphere becomes denser and more fluid-like in
its behavior. In addition, thermal ionosphere ion pressure gradients exist on the draped,
penetrating magnetic fields that can accelerate upper atmosphere ions outward in a ‘polar
wind’ like fashion (also indicated in Figure 5a).

Observations of planetary ions at both Venus and Mars are well-modeled, assuming the
processes in Figure 5b are at work (see Figure 6, which show locations of energetic O+
ions detected on PVO around Venus, compared to a test particle picture of ion pickup
in the region of atmosphere-solar wind overlap).

Similarly, the Mars Polar O+ Ion ‘Plume’, as observed on MAVEN (Figure 7a) and sim-
ilarly modeled with test particles (Figure 7b), accounts for a significant fraction (~30%)
of Mars’ total O+ escape (Dong et al. 2015). The lower-energy escaping ions in the solar
wind wakes that occupy the Venus and Mars draped magnetotail ‘plasma sheets’ are gen-
erally considered to result from the magnetic tension force, while the thermal pressure
gradient forces contribute additional outgoing ions both at and beyond the terminator
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Figure 5. a) Illustration from Futaana et al. (2017) of the fluid-like processes involved in the
escape of ions from Venus (and to some extent at Mars); (b) The other escape processes at
Venus (and Mars) that involve the more kinetic aspects of their planetary ion behavior.
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Figure 6. (a) Locations in the PVO orbit where O+ pickup ions were observed (from Luhmann
et al. 2006), compared to (b) a model of the picked up ions (Jarvinen et al. 2010). The locations
of H+ pickup ions are also shown here in blue.

(e.g. Dubinin et al. 2017). Mars’ crustal fields are also thought to provide an additional
loss mechanism associated with reconnection between the crustal fields and draped inter-
planetary fields (Brain et al. 2010), but the relative importance of that effect has yet to
be evaluated, as does potential erosion associated with solar wind/ionosphere boundary
shear-related instabilities (e.g., steepening Kelvin-Helmholtz waves (Ruhunusiri et al.
2016)) and the typically time-dependent boundary conditions (e.g. from heliospheric
current sheet/interplanetary field sector boundary crossings (Edberg et al. 2011)). It has
also been suggested that Venus ion loss can be affected by magnetic field reconnection

https://doi.org/10.1017/51743921319009669 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921319009669

Solar activity influences on planetary atmosphere evolution 247

(b
7.0
6.0
:l!
€
o
o 50
g
3
™
40
3.0

Figure 7. (a) MAVEN observations of escaping oxygen ions showing the statistical pattern
of the fluxes, and the upward ‘plume’ extension in the coordinated system organized by the
solar wind convection electric field (from Dong et al. 2015). (b) O+ test particles in a Mars’
solar wind interaction model, for a similar geometry with ion trajectories color-coded by their
energies (Fang et al. 2008).
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Figure 8. Figure illustrating previous estimates of Venus O+ escape rates, based on both
measurements (blue) and models (red), from McEnulty (2012).

across its draped magnetotail lobes, when it occurs close to the planet (Zhang et al.
2012).

Ton escape rate estimates from some of these additional processes have been attempted.
For example, from PVO ionospheric ‘cloud’ measurements (ionospheric ions seen in the
magnetosheath adjacent to the main ionosphere), Brace et al. (1982) arrived at the
number 7 x 102° ions/sec, based on measured transit times, probability of occurrence,
statistical distribution, and average electron density. Meanwhile, Russell et al. (1982)
inferred 2 x 10%° ions/sec loss during one cloud event, assuming a similar cloud in the
south. These are significant compared to estimates/measurements of escape via the other
processes at Venus. In general, escape rate estimates (in Figure 8, adapted from McEnulty
2012) show that Venus O+ escape rates versus the year of published estimate vary by
orders of magnitude (blue indicates those derived from observations, red indicates those
derived from models).

The primarily COg5 atmospheres also have a photochemical channel for neutral O
escape, which is especially important at Mars. The reaction COy+ + O -> O, + CO,
followed by dissociative recombination O;* 4 e -> O* 4 O*, proceeds rapidly in Venus’
and Mars’ ionospheres. This photochemical process produces ‘hot O coronas’ around
both planets. The energies of some of these hot atoms are >2 eV, which puts them above
the lower escape velocity for Mars, though not for Venus, where ~10 eV is required. This
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Figure 9. The upper C, O, and H atmospheres of Mars, as observed on MAVEN prior to its
orbital insertion (from Schneider et al. 2015).
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Figure 10. Rates of escape and associated equivalent global amounts of water and CO2 loss
over time (~3.5 Gyr) for Mars, based on measurements by MAVEN. (Adapted from Jakosky
et al. 2018).

process also increases O+ escape, even for Venus, by putting more O at higher altitudes,
where it can be ionized and picked up in the magnetosheath and solar wind. A similar
process also works for C loss at Mars (e.g. Hu et al. 2015). MAVEN observations of
atomic C, O and H coronas, as seen in Figure 9, have allowed new escape rate estimates
to be made for these neutral constituents. Also, it has been found that the H corona,
with its escaping component, is probably enhanced by dust storm activity (e.g. Chaffin
et al. 2014).

To evaluate the overall impacts of all of these processes, e.g. for water loss, one needs
to add the different escape rates for H and O, as recently done for Mars by Jakosky et al.
(2018) (see Figure 10):

The current atmospheric escape rates at all three planets are too low to explain inferred
losses of evolutionary interest. For example, the estimated volume of an early ocean of
Mars is ~6 x 107 km® H,O (from surface features). This amount contains about 2 x
10%*> HyO molecules. It is relatively easy to lose the light hydrogen by extra (e.g. EUV)
heating. But to remove the oxygen in this ocean over a few Gyr requires an average loss
rate of at least ~102® O atoms/s (over 100 times greater than present rates).

4. Escape Enhancers

The Sun produces, in addition to its varying EUV outputs, flares, enhanced solar wind
flows and fields, coronal transients, and solar energetic particles (SEPs). The two kinds
of solar wind structures that produce the greatest solar wind and SEP enhancements are
illustrated in Figure 11. The interplanetary coronal mass ejections (ICMEs) that produce
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Figure 11. (Left panel) Illustration of an interplanetary coronal mass ejection’s (ICME’s)
effects on the solar wind and interplanetary magnetic field, including solar wind compres-
sion/pileup ahead of it that is sometimes preceded by a shock (from Luhmann et al. 2008). (Right
panel) Illustration of the effect of interacting solar wind streams, which result in spiral-shaped
compressions that can appear to rotate with the Sun (from |Pizzo 1978).

the greatest effects under the present solar conditions (left panel) result from erupting
coronal structures that occur most often around the solar cycle maximum phase, while
solar wind stream interactions (right panel) occur throughout the cycle. The ICME pro-
duces a number of different effects on planetary space environments. First, the largest
events are often initiated around the time of a flare on the Sun, which is then closely fol-
lowed in some cases by the arrival of high energy particles, mainly protons and electrons,
accelerated in the corona. Concurrently, the ejection of coronal material occurs, traveling
at speeds up to nearly 4-5 times the typical solar wind speed. This ICME structure plows
through the ambient corona and solar wind, piling up the density and magnetic field, and
for fast ejections, producing a leading interplanetary shock, which provides a source of
more energetic particles that speed ahead of it throughout its several-day transit times to
reach these planets. Then the planetary interaction reacts to the shock, the compressed
solar wind behind it, and the usually stronger than average and sometimes highly inclined
magnetic fields of the coronal material, which is sometimes well-described as a large flux
rope of a few tenths of an AU (in a cross section). This entire sequence from the flare to
the coronal ejecta passage can last several days, as illustrated in Figure 12.

Passage of ICMEs can greatly enhance the overall magnetospheric ion energization,
precipitation, and outflow processes. The Earth’s auroras during and following solar activ-
ity provide a measure of the energy deposited in the atmosphere and its spatial extent.
Related ion outflow rates follow suit, showing dependence on disturbance parameters
such as incident solar wind pressure (see Figure 13).

The Venus electron density altitude profiles in Figure 14 illustrate its much different,
more direct dayside ionosphere boundary response to enhanced solar wind pressure, which
arrives with the leading compressed solar wind portion of the ICME event. In addition to
the inferred erosion of the topside ionosphere, the overlying draped magnetosheath field
is both present at lower altitudes, and penetrates into the ionosphere. Mars exhibits its
own version of this consequence, in that its crustal fields show increasing degrees of open
topologies due to enhanced reconnection with these penetrating fields (Xu et al. 2018).

Associated diffuse auroral emissions, examples of which are shown in Figure 15, are
seen on the night sides of both Venus and Mars (Phillips et al. 1986; Schneider et al.
2015, 2018). These occur in coincidence with the local enhancements of SEPs, which,

https://doi.org/10.1017/51743921319009669 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921319009669

250 J. G. Luhmann
Typical Signatures: Earth-Directed Event Timing

S83
o x b
2 6 Shock is Weak e- Accelerator
253 |
g8z
- W N— e ——
- “Prompt” Onset Occasional
2 £9% N, Flux Reduction
4 8L
-

10 MeV
Proton
Flux

WMOESPEJL.

t ICME Transit I i+— ICME Ejecta—»}

=]
(nT)

Flare + ~Days © “Cloud”
CME Release Shock Arrives
at Sun at Earth
1 1 1 1 1 1
0 2 4 6 8
Days

Figure 12. The different phenomena and timing of events associated with ICMEs result in
a range of effects in planetary space environments. Here, a ‘classic’ time series of observations
(solar X-rays and in-situ particles and fields) around the time of a major ICME event illustrates
a particular sequence that occurs with a ‘direct’ impact (see Figure 11, left panel).
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Figure 13. Figure from Moore & Horwitz (2007) showing the intensification of outflowing

hydrogen and oxygen ions in the Earth’s polar regions in response to increases in solar wind
pressure.

https://doi.org/10.1017/51743921319009669 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921319009669

Solar activity influences on planetary atmosphere evolution 251

Altitude Profiles
(@) : , G

A

900 S
L % Electron Density Electron Temperature
700 S
500 — By L
T ——a _a—"2
'S ' }
300 N, F ~ et .
g | *
2 150 I | | ) s O | S
= 3 4 5 6 3 4 5
© Log ne (cm™®) Log T, (K)
S () . .
= g T ST —
Z 900 = lon Temperature ] : Magnetic Field
| |
| |
200 | Orbits |
L o 422 |
& 418 |
500 — ¢ 432 |
o 438 |
i * 188 [
3000 *® 176
100 — e ) A | L — | | [ —
2 3 4 0 50 100 150 200
Log T; (K) B (nT)

Figure 14. PVO dayside ionospheric density altitude profiles selected to illustrate their depen-
dence on the incident solar wind pressure. In particular, the increasing solar wind erosion of the
topside ionosphere is seen in the top left plot, while the corresponding lowering of the overlying
magnetosheath and penetration of the magnetic field into the ionosphere is seen in the lower
right plot. (From Luhmann et al. 1987.)

as mentioned above, can precede the ICME shock arrival by days and last throughout
the event, sometimes peaking in intensity at the shock arrival (see Figure 12). Venus
auroral emissions in the visible green line have also been seen from the ground in the
days following coronagraph observations of Venus-directed CMEs (Gray et al. 2014).
Lee et al. (2018) summarize the details of how Mars responded to a significant ICME
impact witnessed by MAVEN instruments in the form of the time series in Figure 16.
Upper atmosphere heating and expansion briefly occurs in response to the flare, but the
SEPs and their effects can be present for days, because the shock that travels outward
ahead of the ICME is a relatively long-lasting source that populates a large swath of
heliosphere in front of and around it with SEPs. The access of these ionizing particles
to the lower atmosphere is enhanced by the observation that the crustal magnetic fields
open up in response to solar wind compression and increased external field penetration.
The enhanced magnitude of the external field also plays a role in this access. Whether
atmospheric escape is significantly impacted by such events is to be determined.
Because spacecraft observations are restricted to the few orbits occurring prior to and
during ICME passage, which cover only a small portion of the Mars-solar wind interaction
space, MHD simulation results for the events (Ma et al.) are used to obtain a global
picture and the related global escape rates (Ma et al., 2017; Dong et al., 2015). Figure 17
shows snapshots of meridional Mars planetary ion flux contours (log flux (cm=2 s71))
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Orbit 1301

Figure 15. (Top) PVO UV images showing, in negative shading, the brightening of a diffuse
nightside aurora seen in the 130.4 nm spectral line (from Phillips et al. 1986). (Bottom) MAVEN
UV images of an auroral brightening at Mars that accompanied a SEP event and ICME impact
(Schneider et al., 2017).

before and during the event from the simulation, where the effect of the ICME passage
is clearly seen. The estimated global ion escape in this case changed ~10x from 10%*
ions/s to 10%° ions/s. During the MAVEN mission, the encountered solar events have
been relatively moderate. Had Mars experienced an ‘extreme’ ICME event such as that
observed on the STEREO A spacecraft in 2012 (e.g. Liu et al., 2013), similar model
results suggest the global ion escape rate would have increased to 10*7ions/s. PVO was
in orbit around Venus during a much stronger solar cycle, and experienced larger and
more frequent events. PVO > 36 eV and anti-sunward ion data (see Figure 18) suggest
Venus O+ escape rates increased during ICMEs by 100x or more (Luhmann et al., 2007).

5. Effects over time

The challenge of reconstructing the history and consequences of these effects requires
many assumptions involving poorly constrained conditions. Nonetheless, such exercises
help identify specific gaps that new observables can sometimes fill. It is most straightfor-
ward to start calculations ~3.5-3.8 Gyr ago, rather than at 4.5 Gyr, when solar system
formation processes, including impacts, were still at work (e.g. Jakosky et al., 2019), and
to assume that today’s planetary magnetic fields were already established. This also lim-
its the effects of recently uncovered uncertainties in solar EUV history (Tu et al. 2015),
based on observations of the range of EUV emitted by hundreds of G-type stars, includ-
ing fast and slow rotators, as in Figure 19. It is currently unknown where the solar EUV
evolution track falls, leaving up to an order of magnitude uncertainties for up to a third
of the Sun’s main sequence life.
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Figure 16. A time series of diverse observations from MAVEN, Mars Express and MSL, showing
details of how Mars responded to a significant ICME impact in September 2017 (from Lee et al.
2018). The panels show (from the top), the solar flare in EUV intensity, the SEPs (including
electrons and ions, the solar wind plasma parameters (density, velocity, temperature), and the
magnetic field, all showing the shock arrival, a color bar indicating the change of local magnetic
topology (red = closed fields, blue = open fields), and the upper atmosphere temperature and
density response. The bottom panel is the highest energy SEP signature from MSL RAD on
the surface. While these observations show that many different ICME responses occur at Mars,
estimates of the related changes in globally escaping planetary ion flux require complementary
modeling.
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Figure 17. Meridian contours of planetary ion fluxes around Mars based on a data-validated
model of an ICME passage in March 2015 (Ma et al. 2017; Luhmann et al. 2017). These represent
snapshots of the conditions before the ICME arrived (left panel), and during the period when
the coronal ejecta was present (right), illustrating the global enhancement of the escaping ion
fluxes.
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Figure 18. Extended timeline comparing escaping suprathermal planetary ion fluxes observed
on PVO with the incident solar wind dynamic pressure (Pdyn) and interplanetary magnetic field
(IMF) strength (Bt) at the time. The inferred escaping fluxes increase by up to ~100x during
periods of high Pdyn and Bt, which are associated with solar wind inter-stream compression
regions and ICMEs. (From Luhmann et al. 2007.)
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Figure 19. Figure from Tu et al. (2015), illustrating the range of possible EUV histories of
Sun-like stars, depending on their rotational histories.
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Figure 20. This figure from Airapetain & Usmanov (2016) shows models for solar wind
velocities for the present-day Sun (M3), and for solar ages of 2.0 Gyr (M2) and 0.7 Gyr (M1).

Even less constrained are early solar wind models (e.g. see Wood et al. 2015). A recent
model by Airapetain & Usmanov (2016) has conditions in its early epoch (see Figure 20,
curve labeled M1), as extreme as today’s observed ICME events. This early solar wind
would have had major ‘impacts’ by itself.

6. Summary

It probably does not matter much if a planet is magnetized or not. Rather, the his-
tory of the solar and interplanetary conditions can determine atmospheric evolution in
post-impact and post-hydrodynamic outflow-dominated escape epochs. We must better
constrain them from times of about 1 Gyr of age. While Sun-like star observations are
valuable, our Sun’s own history is of utmost importance. Is the answer to be found at the
moon, where samples may contain evidence of the early solar wind and solar activity?
Kepler mission observations of ‘superflares’ on Sun-like stars of various ages (Shibayama
et al. 2013) include flare energies of ~ 103* ergs or more, compared to large present-day
solar flares that have up to 10%? ergs. The work of Aarnio et al. (2011) suggests that
the empirical relationship between solar CME size (from coronagraphs) and solar flare
intensity may apply to flaring Sun-like stars. But CMEs at these flaring early ‘Suns’
have been difficult to identify (e.g. Osten & Wolk 2016). Further observations are key to
investigating this and other pertinent questions about both early solar wind and solar
activity, and the planetary consequences they left behind.
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Discussion

DMITRY BISIKALO: Could you kindly comment on the role of the planetary magnetic
field in the mass loss?

JANET LUHMANN: Observations suggest that for the most extreme external conditions,
the presence of the field may not matter. The planetary magnetic field may not be
able to prevent energization and losses, although it may change the detailed physics
of the processes involved. The escape rates may ultimately depend on the atmospheric
production and delivery (e.g. by photochemistry and diffusion) of species to regions from
which they can escape (e.g. the exobase).
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