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Abstract
Surface-bounded exospheres result from complex interactions between the planetary envi-
ronment and the rocky body’s surface. Different drivers including photons, ion, electrons,
and the meteoroid populations impacting the surfaces of different bodies must be consid-
ered when investigating the generation of such an exosphere. Exospheric observations of
different kinds of species, i.e., volatiles or refractories, alkali metals, or water group species,
provide clues to the processes at work, to the drivers, to the surface properties, and to the
release efficiencies. This information allows the investigation on how the bodies evolved
and will evolve; moreover, it allows us to infer which processes are dominating in different
environments. In this review we focus on unanswered questions and measurements needed
to gain insights into surface release processes, drivers, and exosphere characterizations. Fu-
ture opportunities offered by upcoming space missions, ground-based observations, and new
directions for modelling are also discussed.
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1 Introduction

Exospheres of airless bodies result from the complex interactions between the external
agents and the surface, and the surface properties are crucial for determining the efficien-
cies of the various sources (Teolis et al. 2023). Different drivers in the environment must
be considered when the exosphere generation mechanism is investigated. Particularly im-
portant are the ion (Wurz et al. 2022) and the meteoroid (Janches et al. 2021) populations
impacting the surfaces of different bodies. In Fig. 1, a comparative scheme of the drivers
and the released surface materials at Mercury and at the Moon is shown. In fact, exosphere
observations of different class of species, i.e., volatiles or refractories (Grava et al. 2021a),
alkali metals (Leblanc et al. 2022) or water group species (Schörghofer et al. 2021), can
shed light on the release processes at work, not only on current solar system airless bodies,
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Fig. 1 Schematics of the processes at the two main airless bodies, i.e. Mercury and the Moon

but also on early solar system bodies such as planetary embryos and even close-in rocky
exoplanets with magmatic surfaces (Lammer et al. 2022).

The most suitable and best studied examples of airless Solar system rocky bodies are the
Moon and Mercury, but also asteroids and the two satellites of Mars are subject to similar
interactions, with the big difference being the role of gravity (Schläppi et al. 2008; Plainaki
et al. 2009; Nénon et al. 2019).

Already before the 1970s it was known that the Moon does not have a dense atmosphere
(Hinton and Taeusch 1964), but the first detection of Ar and He in the lunar exosphere
was obtained during the Apollo missions (Hoffman et al. 1973; Hodges 1973a) (see Killen
and Ip 1999 and references therein). In the following decade, Na and K have been observed
using ground-based techniques (Potter and Morgan 1988). Lunar pickup have been observed
near the Moon originally with the Suprathermal Ion Spectrometer (STICS) on the WIND
spacecraft (Mall et al. 1998) and more recently measurements of Kaguya (Tanaka et al. 2009;
Yokota et al. 2009, 2020), Chang’E−1 (Wang et al. 2011), the ARTEMIS mission (e.g.:
Halekas et al. 2012; Poppe et al. 2012, Zhou et al. 2013), and the Lunar Atmospheric and
Dust Environment Explorer (LADEE) mission (Halekas et al. 2015; Poppe 2016) confirmed
the detections of H+

2 , He+, C+, O+, Ne+, Na+, Al+, Si+/CO+, K+, and 40Ar+ (Poppe et al.
2022). At Mercury, only an upper limit for neutral oxygen has been obtained (Shemansky
1988). In both cases, it is possible that the oxygen is in molecular form in the exosphere.
In the meanwhile other species have been identified in the exosphere: CH4, Ne, Rn, and
OH/H2O (Stern 1999; Benna et al. 2015; Hodges 2016).

Lunar noble gases (helium, argon, and neon) were amongst the first exospheric species
measured by mass spectrometry during the Apollo 17 mission (Hoffman et al. 1973). Those
detections have been confirmed by the Lunar Atmosphere and Dust Environment Explorer
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(Benna et al. 2015; Hodges and Mahaffy 2016) and Chandrayaan-1 (e.g., Dhanya et al.
2021). These gases are exemplary species for studying the gas-regolith interaction because
they indicate various degrees of gas-surface bonding. The neon density at the surface in-
creases from dusk to dawn as the regolith surface cools off, exhibiting the behaviour ex-
pected for a non-condensable species. In fact, for such species, where the gas atoms do not
lose sufficient energy upon impact with the surface, or even when they do, the bond is so
weak that they immediately (within micro to nanoseconds) are emitted again, the exospheric
density at the surface, n, is expected to be inversely related to the surface temperature, T:
n ∼ T−5/2 (Hodges and Johnson 1968). Helium is also a gas that does not freeze out at the
coldest night-time temperatures, but exhibits a pre-dawn peak and a decrease towards dawn,
deviating from the predicted behavior for non-condensable species because of the larger bal-
listic range for these light atoms. And last, argon density decreases from dusk to dawn and
then increases at dawn, which is the behavior consistent with a condensable species.

The measurements of these and other volatile species, like methane (Hodges 2016) and
molecular hydrogen (Stern et al. 2013), raised questions about precisely how gases lose
energy when in contact with regolith. For example, there has been a long-standing debate
on whether helium atoms in the lunar exosphere should be thermalized with the surface.
This issue has been resolved only recently, with spectroscopic observations confirming the
thermalization of lunar exospheric helium (Grava et al. 2021b). As another example, the ad-
sorbable nature of argon from measurements of the LACE (Lunar Atmosphere Composition
Experiment) mass spectrometer deployed on the lunar surface by the Apollo 17 mission was
not expected for a noble gas. Exosphere models require the adoption of unexpectedly high
values of the activation energy for desorption of argon-40 (e.g., Bernatowicz and Podosek
1991; Hodges and Mahaffy 2016; Hodges 2016) to match the measurements. This was ini-
tially attributed to the cleanliness of the pristine lunar regolith. More recently, Kegerreis et al.
(2017) and Sarantos and Tsavachidis (2020, 2021) noted the role of regolith microstructure
in prolonging the ability to temporarily retain argon and other gases by Knudsen diffusion
within the first mm of regolith. This should also apply to deeper and long-term sequestra-
tion of water (Schörghofer 2022) and species of similar volatility. About 30% of the ejected
argon atoms are ultimately adsorbed in the Permanently Shadowed Regions (PSR) near
the lunar poles (Grava et al. 2015), and another fraction ends up in seasonal polar shad-
ows from which they can be re-emitted every half year, creating seasons (Kegerreis et al.
2017; Hodges 2018). In fact, the polar regions of the Moon are expected to contain a vast
repository of volatile gases trapped in the regolith. These atoms and molecules were either
transported to the poles via exospheric ballistic hopping, and/or they were synthesized from
simpler atomic constituents which landed on grains that act as catalysts.

The source of volatile gases is the lunar interior as well as implanted solar wind. At
least some of the helium, ranging by different estimates between 10% (Hodges 1975) to
15–20% (Benna et al. 2015; Grava et al. 2021b) and even up to 40% (Hurley et al. 2016),
appears to be effusing from the interior the surface originating from the decay of radiogenic
elements. LADEE measurements discovered an enhancement in exosphere density above
western maria and Oceanus Procellarum (Benna et al. 2015) that is likely related to the en-
hanced abundance of 40K at those locations (Kegerreis et al. 2017). Selenographic variations
have been demonstrated in other gases whose distribution on the ground is non-uniform such
as potassium (Colaprete et al. 2016; Rosborough et al. 2019).

The first observation of Mercury’s exosphere has been obtained by Mariner 10, during
its fly-bys of Mercury. The UVS spectrometer revealed H, He and an upper limit of atomic
oxygen as constituents in its exosphere (Broadfoot et al. 1974, 1976).

Mariner 10 fly-bys revealed the existence of a weak internal global magnetic field (Ness
et al. 1975, 1976) with the dipole axis approximately aligned with its spin axis. This dipole
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field is strong enough to maintain a small magnetosphere populated with plasma originat-
ing from the solar wind and from the planet’s exosphere. This observation implies a more
complex interaction of the Mercury with the solar wind and Interplanetary Magnetic Field
(IMF) through its small magnetosphere.

Since the second half of 1980s up to present day, Earth-based observations revealed im-
portant features about the exosphere of Mercury (see reviews by Killen et al. 2007; Leblanc
et al. 2022), but they are limited to species observable through Earth’s atmosphere, which
are Na, K, and Ca) (e.g.: Potter and Morgan 1985, 1986; Bida et al. 2000). It is quite chal-
lenging to observe Mercury with telescopes operated during night, because of its vicinity to
the Sun; Mercury is visible only for a few hours before sunrise or after sunset, so it is dif-
ficult to investigate the variability of the exosphere. Since the 1990s advanced technologies
allowed much-prolonged day-time observations with Solar telescopes, thus allowing studies
of short time variabilities (Mangano et al. 2015; Massetti et al. 2017; Leblanc et al. 2022).
The main observables in the ground-based observations are the D1 and D2 emission lines
of the Na exosphere with its variable distribution sometime spread to the whole sunlit hemi-
sphere, sometime with two peaks in Northward and Southward hemispheres (e.g.: Potter and
Morgan 1990; Potter et al. 1999). The ground-based observations of the D2 line emission of
K show similar distributions (Potter and Morgan 1986, 1997). This variability and increase
in emission intensity just below regions (cusps) where the solar wind is expected to enter
and impact to the surface, made it clear that there is a correlation between alkali distribution
and ion impact onto the surface (Killen et al. 2001). The strict relation of Na exosphere
variability with plasma impact onto the surface is supported by the lucky observation of Na
ground-based observation during an interplanetary Coronal Mass Ejection (iCME) arrival
at Mercury registered by MESSENGER on 20 September 2012 (Orsini et al. 2018). In fact,
during this observation the Na exosphere showed a distribution that changed when the dense
iCME plasma likely compressed the dayside magnetosphere.

Despite this evidence, there are still many unexplained features that require further obser-
vations, laboratory measurements and modelling that will be described in the next sections.
In fact, the ion sputtering process, as studied in laboratory experiments, has a low efficiency
for solar wind ions on rocky regolith, and cannot justify the observed high column densities
of Na (up to 1011 cm2) with an altitude profile consistent with temperatures of about 1200 K
typical of Photon Stimulated Desorption (PSD) release process (Cassidy et al. 2015; Wurz
et al. 2022).

Another specific feature of the Na exosphere is the formation of an anti-sunward tail
that is strongly variable along Mercury’s orbit (e.g: Potter et al. 2002a,b; Potter and Killen
2008), clearly proportional to the solar radiation pressure. This Na tail is a visual display of
the Na loss rate from the planet (Schmidt et al. 2012) comparable to other exospheric species
losses (Wurz et al. 2019). Given this loss, the investigation of Na source-sink balance is still
an open question. In fact, it is still not clear how the Na content at Mercury’s surface evolves
in time.

The observations of MESSENGER during flybys and during the whole mission con-
firmed the presence of an internal magnetic dipole moment of 190 nT R3

M and found that the
dipole is offset northward by about 0.2 RM. (Anderson et al. 2011). Furthermore, MESSEN-
GER MAG and FIPS observations depicted a really dynamic magnetosphere, with a strong
coupling with the external solar wind conditions and a high reconnection rate that produces
a frequent and efficient solar wind entry and circulation inside the magnetosphere (Slavin
et al. 2021). For the first time MESSENGER observed planetary heavy ions in the magne-
tosphere: Ca+ by Mercury Atmospheric and Surface Composition Spectrometer (MASCS)
and He+, water groups and Na+-Mg+-Si+ groups by FIPS (Zurbuchen et al. 2011; Raines
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et al. 2013). The heavy ion populations in the magnetosphere implies surface release mech-
anisms directly in ionized state or an efficient photoionization of the exospheric components
(Wurz et al. 2019). On the other hand, if these heavy ions impact onto the surface at day and
night sides, they may contribute to produce a second-generation exosphere (e.g.: Delcourt
et al. 2003; Milillo et al. 2005, 2020).

MASCS UV and Vis spectrometer regularly observed Na (mainly in the low latitudes
regions), Ca and, for the first time, Mg atoms in the exosphere (McClintock et al. 2008;
Killen et al. 2007). And later Bida and Killen (2017) detected from HIRES ground-based
observations traces of the minor species Al and Fe.

The MESSENGER Na observations analysed together with the ground-based observa-
tions, showed that superimposed on the short-term variability there is a long-term variability
of Na exosphere along the orbit. The global Na density as well as asymmetries in local time
and latitudes distributions have a clear recurrence along Mercury’s year (Potter et al. 2006;
Cassidy et al. 2015; Milillo et al. 2021; Leblanc et al. 2022). The science community is still
debating on a global scenario able to fully explain these behaviours.

Finally, MESSENGER detected Mn and Al in Mercury’s exosphere (Vervack et al. 2016),
the latter was previously observed with low signal/noise ratio by ground-based observations
by Bida and Killen (2016). Unexpectedly for a highly oxidated surface (Wurz et al. 2010),
the presence of atomic oxygen in the exosphere was still not confirmed, thus a debate on
where it is and in which form is still ongoing.

The MESSENGER observations showed a clear dichotomy in the exospheres of differ-
ent kind of species; in fact, while moderately volatile component, like alkali, i.e. Na and K,
distributions have a long term variability along Mercury’s orbit and a short term variability
especially at high latitudes, the refractory component like Ca and Mg have predominantly a
source in the ram hemisphere (in direction of the planet velocity) (Burger et al. 2014), where
most of the meteoroids impacts the surface due to the relative velocity of Mercury and the
dust disk particles (Pokorný et al. 2018; Janches et al. 2021). The correlation with the ex-
pected meteoroid impacts is proved also by the Ca enhancement in the exosphere when Mer-
cury crosses the trajectory of the comet 2P/Encke dust stream (Killen and Hahn 2015). Thus,
for these species a Micrometeoroid Impact Vaporization (MIV) is the expected primary gen-
eration process. Nevertheless, the high scale height of these components, firstly spotted from
the challenging Ca ground-based observation by Bida et al. (2000) and confirmed and quan-
tified (corresponding to a characteristic temperature above 20,000 K, inferred from the scale
height) by MESSENGER/MASCS measurements is not easily explainable by the even more
energetic surface release processes, like ion sputtering or MIV. This mismatch between the
expected and observed distribution of refractory species, opens debate on the possible mul-
tiple complex processes able to energize the particles after the release from the surface. The
release of molecules (e.g. oxides), which are subsequently dissociated into atoms, could
be the pathway for explaining the observed high characteristic energy of some refractory
species (Killen 2016; Grava et al. 2021a).

It is likely that a complex mechanism acting in the solar wind - magnetosphere - surface
interaction should be invoked to fully explain the Na distributions at Mercury. Given that the
whole surface material is released via MIV, the role of this process in the release of different
species is also an open point. Any progress on this subject will be dependent on a better
understanding on what controls different types of diffusion. The development of models of
volatile diffusion coupled with exospheric 3D models and dedicated laboratory experiments
are of great importance for the interpretations of the observations.

Despite the crucial role of the water in astrobiology studies, the relative and absolute
magnitudes of sources of members of the water group (H2O, OH, . . . ) on Mercury and
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Fig. 2 Near surface ice stability
is modelled to be possible over
vastly larger areas than strict PSR
(white areas). The coloured
regions represent different depths
to reach ice stability in the top 1
meter of regolith. (From Paige
et al. 2010)

on the Moon remain uncertain. Water released into the exosphere can potentially migrate
globally, and become trapped at the cold traps at PSR (Watson et al. 1961; Paige et al.
1992; Schörghofer et al. 2021) (Fig. 2). Slade et al. (1992) observed radar-bright spots at the
northern pole at Mercury with Arecibo and Goldstone radar telescopes, later confirmed by
MESSENGER observations to be water ice (Chabot et al. 2018). Evidence for cold trapped
ice on the Moon comes from neutron spectroscopy (Feldman et al. 1998; Lawrence 2017),
the LCROSS impact experiment (Colaprete et al. 2010), UV albedo ratios (Hayne et al.
2015), and near-infrared spectroscopy (Li et al. 2018); see Lucey et al. (2022) for a more
detailed review. For analogy, bright spots inside cold traps have been identified also on Ceres
by images from the Dawn spacecraft and are likely also made up of ice (Platz et al. 2017).
At this point it remains unclear whether this cold-trapped ice was delivered by an exosphere
or deposited during rare events that sporadically create temporary atmospheres. It is also
possible that the dominant formation and accumulation mechanism may vary from body to
body and with distance from the Sun.

Complementary to the exospheric observations are laboratory experiments for investi-
gating the planetary analogues interacting with different drivers, like ions, electrons and UV
photons. In Sect. 2, some open points in the surface release processes and the way the next
studies will try to answer are described.

For a better understanding of the interaction between the surface and the external envi-
ronment, we need to characterize the drivers, i.e., impacting plasma, dust distribution, solar
UV irradiation of at the surface, as well as the generated exosphere. In Sect. 3, some obser-
vations that will help to characterize the drivers thanks to the near-future missions around the
Moon and Mercury are described and suggested. In Sect. 4, we describe the open questions
in the investigation of the composition, dynamics, sources and loss rates of the exosphere.
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Coordinated space and ground-based observations are suggested and expected outcomes are
depicted.

Finally, for a deep and global understanding of the exospheric environment we need
models for the generation and circulation of the exosphere. Comparison of simulated exo-
spheres with observations of different species will be an essential tool for interpreting the
results, for validating theories of exospheric generation and eventually for showing where
there are knowledge gaps. In Sect. 5, a short review of more advanced models for airless
bodies is given and the direction of further model improvements are suggested. Summary of
the expected results of the study of airless bodies’ interaction with their parent star and next
mission outcomes are described in the final Sect. 6.

2 Open Points on Surface Release and Space Weathering Processes

The observations of the Hermean and lunar exospheres are on spatial scales commensurate
with the dimensions of the object, from ∼100 km size features (like the sputter contribution
at the magnetospheric cusps), to global exospheres (e.g., the He exosphere), to extended
tails of Na of several, even 1000 planetary radii (Potter et al. 2002a,b; Schmidt et al. 2012).
The external drivers causing the population of these exospheres are varied in their spatial
and temporal extent (Wurz et al. 2022).

However, for the quantitative understanding of the release processes also the micro-
physics has to be understood very well. Particle release processes act on very small spatial
scales, all the way down to the atomic scale on the surface. It is important to consider in
the analysis the actual material, which is fine grained regolith with highly structured grains
resulting from the micro-meteorite gardening over millions of years. Moreover, the very sur-
face of these grains is chemically and physically altered by processes of space weathering
(ion impact, solar irradiation, . . . ).

Laboratory measurements of thermal desorption rates and residence time on grains are
needed to better understand the surface-exosphere relationship and thus explain the depen-
dence of volatiles’ exospheres with local time and solar zenith angle. Experiments that de-
rive yields, cross sections, and threshold energy for PSD and electron-stimulated desorption,
which are major source processes for some volatiles, would ultimately need improved sim-
ulations of surface-bounded exospheres. Desired simulations are the study of diffusion of
volatiles on soil grains, the effect of topography (both at the micro-scale, such as shadow
from grains, and at the macro-scale, such as mountains and craters) on the exosphere, and
the destruction of deposits of frozen volatiles in PSRs from micrometeoroid bombardment
and photolysis from Lyman-alpha photons and cosmic rays.

Despite many research studies are available on processes of interaction of ions, electrons,
and photons with the surfaces and their effects on surface modification and particle release,
the grains of rocky regolith on planetary surfaces often do not have the same properties as
surface analogues investigated in laboratory studies. Generally, the theoretical modelling of
surface physics processes has to rely on simple surfaces, which are far away from realistic
surfaces to be encountered on planetology. Therefore, we should also explore more com-
plicated surfaces to provide suitable information for studies of particle release in planetary
systems. A study accounting for the structured regolith surface was done by Szabo et al.
(2022a, 2022b).

In the following sub-sections, a brief overview of surface release processes is provided.
More detailed descriptions can be found in Wurz et al. (2022).
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2.1 Thermal Desorption

Thermal desorption of solids is well understood for pure species, e.g., the sublimation of
water (e.g. Fray and Schmitt 2009). The situation becomes more complicated for mixtures,
e.g., CO2 in water ice, where the sublimation fluxes for H2O and CO2 as a function of
temperature will depend on the mixing ratio. The most complicated case are adsorbed layers,
at the level of monolayer or fractions of it, on surfaces. Here, the examples are Na atoms
on the mineral surface. Clearly, the sublimation flux of pure Na would give too high release
fluxes. The binding energy of Na to the mineral substrate (e.g. the regolith grains) will be a
function of the mineral itself, the structure of the surface (ideally flat, but in reality highly
structured), the association of the Na atoms (i.e., localized Na islands or individual Na atoms
scattered of the surface), and the exact location of the Na atoms on surface features. For
example, the activation energy for release from the surfaces is lowest when the Na atom is
on a piece of flat surface, higher when located at a step, and even higher in the corner of
a structure. Thus, the microscopic structure of the surface is important. Activation energies
for thermal desorption for structured surfaces have to be studied in the laboratory. Recent
laboratory experiments, in fact, will focus on sticking coefficients and residence times of Na
atoms on the surface, which is important information for the circulation of Na between the
exosphere and the surface (Sarantos and Tsavachidis 2021).

2.2 Sputtering by Ion Impact

Sputtering by ion impact is a well-studied process in surface science for many decades since
sputtering is used for a range of industrial and analytical applications. However, the sam-
ple studies are often not representative of actual surfaces encountered in planetary science.
Studies of sputtering from mineral grains, considering fractured surfaces, with significant
porosity are mostly missing. Anyway, the theoretical background for understanding the ef-
fect of porosity on sputtering is currently developed (Szabo et al. 2022a, 2022b). Moreover,
the top surface of 50–100 nm of the regolith grains are space weathered (Pieters and Noble
2016), resulting in different composition and crystal structure, which strongly will affect
the sputter yields. Moving from the microscopic to the macroscopic scale, there is a range
of minerals present in the regolith, given by the mix of grains in the surface, which will
have different sputter yields for the species. Combining these varieties into macroscopic
sputter yields for provinces on the lunar or Hermean surface still has not been done. For
example, several lunar magnetic anomalies are spatially correlated with surface regions of
high albedo of the lunar regolith, known as “lunar swirls” (e.g. Denevi et al. 2014). A pos-
sible explanation is that the deflection of solar wind protons in highly magnetized regions
prevents or reduces space weathering and darkening of soils (Hood and Williams 1989).
This idea is also supported by the OH depletion that is the signature of reduced proton im-
planting onto the surface (Schaible and Baragiola 2014). The ion impact at the edge of the
mini-magnetosphere above the magnetic anomalies, on the contrary, will cause enhanced
diffusion inside the regolith grains, ion sputtering, back-scattering of ions and neutral atoms
(see also Sect. 3)

The generation of hydroxyl and then molecular water by the interaction of solar wind
protons with silicate grains is crucial to our understanding of water formation on large airless
bodies (Schörghofer et al. 2021). The efficiency of this process needs to be quantified in
laboratory experiments for a variety of compositions and surface properties (ideally with
lunar samples).
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2.3 Photon Stimulated Desorption

PSD is a process that operates on the atomic scale. A UV photon is absorbed by atoms
localized on the surface which may result in the electronic excitation of an atom residing
on the surface, e.g. Na, rendering into an anti-binding state causing release of this atom.
Although Desorption Induced by Electronic Transitions (DIET), by photons and electrons,
has been studied in the surface science community for many decades (see Wurz et al. 2022
and references therein), the particular surfaces relevant for planetology have been studied
only for very few cases. Studies on the dependence of the release of Na, K, and others
from photon wavelength and the corresponding cross-sections of the interaction are mostly
missing for regolith grains. Also, the energetics, i.e., the energy distributions of the released
particles are not well studied, and often thermal distributions are assumed in the modelling
and analysis of observations even though this process is a DIET process and not a thermal
process.

2.4 Electron Stimulated Desorption

Electron stimulated desorption (ESD) is a surface release process comparable to the PSD at
microscales (see Wurz et al. 2022 and references therein) even if the driver has a different
nature and distribution. Since both electrons (in the energy range 15-hundreds eV) and UV
photons produce the same electronic excitation on surface atoms, the velocity distributions
of the released particles are the same. The cross sections of the processes are quite similar,
but since the electron fluxes are generally much lower than the photon fluxes this process
is generally masked by PSD in the dayside of the bodies. The efficiency of this process at
Mercury and Moon could be investigated in the nightside surface.

2.5 Micrometeoroid Impact Vaporization

Most of the dust particles hitting the surface of Mercury and the Moon are meteoroids,
with sizes in the range of typically 1 to 100 µm. Thus, the affected volume at the impact
size is of similar dimension, a microscopic process on the surface. The high speed of the
impacting dust particles gives rise to an impact plume, releasing material from the surface.
This material is broken up pieces from the surface, atoms, molecules, ions. The temperature
of the shock-induced cloud just after impact (the first 100 ns) was estimated to be between
15,000 K and 27,000 K. The temperature and pressure quickly decrease during adiabatic
expansion of the cloud reaching a quenching temperature, typically 2000–5000 K. During
the rapid expansion of the plume, non-equilibrium processes take place resulting also in the
formation of molecules (Berezhnoy 2013, 2018). Thus, the input to the exosphere is not just
atoms, but also molecules. For the latter their internal temperature (rotation and vibration)
influences how long they will survive in the exosphere before they separate into their atomic
constituents. Little information is available about the thermodynamic conditions in such
plumes, and laboratory studies with dust impacts at the relevant impact speeds could be
performed for a combination of relevant impactor and surface materials (Cintala 1992).

Another area which requires further work for MIV process description concerns labora-
tory experiments. Experimental results from Koschny and Grün (2001) predict lunar dust
cloud density values higher by four orders of magnitude than those inferred from LDEX
measurements (Pokorný et al. 2019). This discrepancy could be partially due to the very low
velocity impacts (1–12 km/s) experimented on ice-rich surfaces for estimating the yield.
Clearly experiments better matched experimental conditions are needed to advance in this
area.



49 Page 10 of 45 A. Milillo et al.

3 Open Points on the Characterization of the Drivers (Meteoroids, Ions
and Electrons)

As mentioned in the previous section, the external drivers causing the exosphere generation
are varied in their spatial and temporal extent (Wurz et al. 2022).

The Sun illuminates the entire dayside, but because of the irradiation dependence on the
solar zenith angle there is a longitudinal and latitudinal variation of its effect on the thermal
release and release via photon stimulated desorption. The ion sputtering is driven by the
solar wind ions and magnetospheric ions hitting the surface. For Mercury, the ion bombard-
ment displacement at the surface depends on the configuration of the magnetosphere, which
adjusts itself to the solar wind plasma and magnetic field parameters on short time scales.
The global situation is simpler for the Moon, spending most of its time in the solar wind, but
there is also the passage through the terrestrial magnetosphere which sends different plasma
populations to the lunar surface (Kallio et al. 2019). At some locations on the lunar surface
there are magnetic anomalies that could affect ion bombardment distribution. Lastly, mete-
oroid impacts release material into the exosphere. There are different sources of meteoroids
in the inner solar system (e.g., Pokorný et al. 2018; Janches et al. 2021). Most of the inter-
planetary dust is distributed in a disk in the ecliptic plane. In addition to the steady flux of
meteoroids, there are occasional crossings with dust streams from comets (e.g. meteoroid
showers; i.e.: Killen and Hahn 2015). Understanding the spatial and temporal variability of
these external drivers is important to interpret the observation on these spatial and temporal
scales, both ground-based and with spacecraft.

3.1 Ions and Electrons

MESSENGER magnetic field and ion measurements provided a huge amount of informa-
tion about the interaction between the Sun and the hermean magnetosphere. Moreover, the
observation and analysis of Flux Transfer Events (FTE) showed that this is the most intense
and common way to transfer particles from the solar wind to the magnetosphere (Raines
et al. 2015). In the cusps, the solar wind is channelled downward by FTE in form of fila-
ments, FTE showers are frequently observed and are associated to Na+ - group enhancement
probably released after direct ion sputtering of solar wind onto the surface (Fig. 3, Sun et al.
2022).

The iCME impact onto the Mercury’s magnetosphere could produce a strong magne-
topause compression, in extreme cases the magnetopause is so close to the planet that almost
the whole dayside surface is exposed to ion impacts (Slavin et al. 2019). The Na ground-
based observations obtained by THEMIS telescope during an iCME encounter with Mercury
seems to validate this interpretation showing a variable Na exosphere distributed at mid lat-
itudes in nominal conditions that expands to the whole dayside at iCME passage (Orsini
et al. 2018), but much more observations of IMF and local solar wind simultaneously to
exosphere imaging at high-time resolution are required for a confirmation of this scenario.

Anyway, the increase in the statistics of Na exosphere measurements at Mercury during
different solar activities could not be enough to explain the complex behaviour of the Na
exosphere and its relationship with the impacting plasma. For a final proof of the process
that generates these observed planetary ion populations and causes the exosphere variability,
a full set of simultaneous observations would be needed, from driver to the resulting release.
We need measurements of

• the upstream solar wind and IMF for evaluating how the external conditions affect the
plasma precipitation,
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Fig. 3 The magnetic field topology as well as MESSENGER’s spatial distribution measurements of the
sodium-group (Na+-group) ions during (a) intervals without flux transfer event (FTE) showers and (b) inter-
vals with FTE showers, shown in the R-Z plane. Colors indicate the observed density of the Na+-group ions.
The white lines represent the magnetic field lines obtained through the average magnetic fields measured
by MESSENGER during the intervals without FTE showers and with FTE showers, respectively. (Sun et al.
2022)

• plasma and magnetic field in situ measurements to characterize the plasma directed to-
ward the surface,

• mapping of the area where particles are precipitating, obtainable by the detection of back-
scattered and neutralized impacting ions,

• characterization (temporal and spatial variation in densities, mass components and verti-
cal profiles) of the exosphere released after ion precipitation events,

• measurements of planetary ions directed outward from the planet.

While the single-spacecraft mission, MESSENGER, could not observe all these targets
simultaneously, this ambitious goal will be addressed at Mercury thanks to the ESA-JAXA
BepiColombo mission, which was launched in 2018. In fact, two spacecraft (Mio and Mer-
cury Planetary Orbit – MPO) will be placed in orbit around the planet in 2025. In this
way, the external conditions will be monitored together with the close-to-surface popula-
tions (Fig. 4, Milillo et al. 2020).

At Mercury the interaction scenario, i.e. the precipitation path, is even more complicated
by the induction currents generated by the solar wind plasma flux in the large metallic core
close to the surface. In fact, during fast events of magnetic compression, the induction cur-
rents act against the compression of the day-side magnetosphere (Jia et al. 2015, 2019; Dong
et al. 2019). Eventually, the global current system within the magnetosphere and the surface
is still an open question that can be solved only by multi-vantage point observations that
allow discrimination between the inner and outer magnetic components.

Transport of plasma and magnetic flux from the dayside to the nightside loads the mag-
netotail with plasma, until it is released by reconnection in the tail (Slavin et al. 2021; Imber
and Slavin 2017). This process accelerates plasma toward the nightside of the planet, where
a fraction of it may impact the surface near the open/closed field line boundary in the plasma
sheet horns, that are located at mid latitudes in the northern hemisphere and at lower lati-
tudes in the southern hemisphere where the boundary is shifted northward together with the
internal magnetic dipole (Raines et al. 2015). Different planetary ions, directly released from
the surface or generated in the exosphere after photoionization, circulate into the magneto-
sphere, part of these populations, after experiencing acceleration processes, can impact the
surface thus generating a second generation of exosphere (Milillo et al. 2020). The effect on



49 Page 12 of 45 A. Milillo et al.

Fig. 4 Schematic view of perihelion/Summer (a), Autumn (c), aphelion/Winter (d) and Spring (b) Bepi-
Colombo orbits configurations (from Milillo et al. 2020). The planet Mercury is represented by the black
circle (filled in the nightside). The red and blue lines show the MPO and Mio orbits after insertion. The
orange area represents the variability (1σ ) of the magnetopause according to the 3D-model of Zhong et al.
(2015) which includes indentions for the cusp regions. The green line represents the approximate position of
the bow shock (Winslow et al. 2013)

the exosphere of the nightside ion precipitation has still not been investigated since nightside
exosphere measurements were not allowed with the MESSENGER UV-Vis spectrometer
MASCS. The in-situ measurements by BepiColombo/MPO with the SERENA-STROFIO
mass spectrometer performed simultaneously with ion measurements will allow the investi-
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gation of the nightside exosphere generation processes for the first time (Milillo et al. 2020;
Orsini et al. 2021).

Signature of electron impact onto Mercury’s nightside surface has been identified by the
X-Rays observations of MESSENGER (Lindsay et al. 2016) in agreement with analysis of
depolarization signatures by Dewey et al. (2020). The electron impact mapping has been ob-
tained mainly for the northern hemisphere since MESSENGER orbit was highly eccentric
with periherm close to the north pole. The ESD produced after the impact of the electrons
onto the surface has never been observed. The simultaneous observations of electrons and
volatile components of the exosphere are required to obtain hints on the efficiency of this
process. The BepiColombo mission will provide a more accurate electron precipitation map-
ping at both hemispheres thanks to the optimal orbit of the MPO spacecraft; the observations
of the signatures of reconnection and depolarization from Mio spacecraft in the magnetotail,
will help to identify the origin or trajectory of the impacting electron population; further-
more, the measurements of the nightside volatile component of the exosphere obtained with
a mass spectrometer will allow to evaluate the effect of the electron stimulated desorption
where most of other surface release processes are not active (Milillo et al. 2020).

Generally, the interpretation of single- or double-point observations in the magnetosphere
requires advanced simulations of ion circulation in Mercury’s environment allowing to fol-
low the particle trajectories and to connect the measurements (see Sect. 6).

In contrast to Mercury, ions precipitate more freely onto the lunar surface. The Moon is
exposed to plasma environments with different plasma characteristics as it orbits around the
Earth. It spends nearly a quarter of its orbit in the terrestrial magnetosphere, when we see it
as full Moon, and the rest of the time in Earth’s magnetosheath or in the solar wind (Kallio
et al. 2019). Outside the terrestrial magnetosphere there are highly variable conditions (from
low to fast streams, from low densities solar wind to dense iCME events) (Wurz et al. 2022).
When the Moon is in the solar wind, the general distribution of solar wind impact onto
the surface is only driven by the geometry (a cosine law from the subsolar point) and it
is negligible at the night side. The lunar surface is charged positively on the dayside due
to the emission of photoelectrons from the dayside and negatively on the nightside due to
the difference between the electron and proton fluxes (Halekas et al. 2011). This makes it
possible to have ion precipitation also in the regions close to the terminator by deflected solar
wind (Halekas et al. 2011; Vorburger et al. 2016). Sputtering by electrons is also thought to
be the dominant erosion process for potential surface frosts in lunar cold traps (Farrell et al.
2019).

The situation is different in the localized regions where there are magnetic anomalies.
Here the solar wind is deflected and flows along the mini magnetospheric-cavities, thus im-
pacting the surface at the boundary of the region and leaving the magnetized region shielded
(Futaana et al. 2013), the estimated difference being about 50% (Vorburger et al. 2013). This
has been demonstrated by the IBEX and Chandrayaan-1 observations of the back-scattered
neutralized solar wind (McComas et al. 2009; Wieser et al. 2010; Vorburger et al. 2012,
2013) and of the reflected electrons and ions observed from and Chandrayaan-1 and SE-
LENE (Anderson et al. 1975; Lue et al. 2011; Saito et al. 2010, 2012). The velocity distribu-
tions of downward-travelling particles are altered from those of the pristine ambient plasma
also after the interaction with plasma waves in the near-Moon space (Halekas et al. 2012;
Harada et al. 2014a,b; Fatemi et al. 2015; Wurz et al. 2022). The detailed precipitation map
of the solar wind at the magnetic anomaly regions together with local plasma simulations
will allow us to thoroughly analyse the interaction in these complex regions. This could aid
in the characterization of lunar sites for human colonization.

When the Moon passes through the terrestrial magnetotail both sunward and anti-
sunward flows commonly exist (Troshichev et al. 1999; Øieroset et al. 2002). Heavy ions
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could be present especially during geomagnetic activities (Seki et al. 1996; Poppe et al.
2016). The intensity of back-scattered particles is higher in these conditions, and it seems
less sensitive to the magnetic anomalies, hence the shielding is less efficient. This is proba-
bly due to higher plasma temperatures and energies, and low Mach number (Allegrini et al.
2013).

When the Moon is located in the foreshock region, the high-energy ions back-streaming
from the bow shock can directly access the lunar surface (Benson et al. 1975; Nishino et al.
2017) and produce ion sputtering. We still do not exactly know which fraction of these ions
impact the nightside lunar surface.

The plasma monitoring upstream of the Moon could be obtained in the future by the in-
ternational space station Deep Space Gateway, that will be located between the Earth and the
Moon orbit and that will include a full plasma package (Dandouras et al. 2023). This con-
tinuous monitor coupled with exospheric measurements performed by dedicated missions
in orbit close to the Moon surface (ISRO Chandrayaan, NASA-ESA Artemis and NASA
CLPS, Chinese Lunar Exploration programs, Korea Pathfinder Lunar Orbiter – KPLO) will
allow to perform statistical studies on plasma and exosphere variations.

In spite of the extensive modelling of the sputtered component (e.g., Wurz et al. 2007;
Sarantos et al. 2012), the detection of the exosphere generated by ion sputtering is diffi-
cult because of low energy range and low intensity of the products. Little evidence of an
energetic exosphere potentially produced by this sputtering has been obtained (Wang et al.
2021). Vorburger et al. (2013) reported that, when the solar wind was at high-helium content,
the Chandryaan-1/CENA sensor measured a slightly higher heavier/light mass ratio than at
nominal solar wind conditions. Most of the measurements were due to backscattered solar
wind; nevertheless, this observation could be the signature of higher sputtering efficiency
due to He++ impacts (supposed to be about 20% more than the yield of H+). The sputtered
density is expected to be much reduced over large magnetic anomalies as the deceleration
of solar wind protons reduces the sputtering yield (Poppe et al. 2014); in fact, several lu-
nar magnetic anomalies are also correlated with lunar swirls (e.g., Denevi et al. 2014), this
seems to confirm local intense space weathering activity (see also Sect. 2).

3.2 Micrometeoroid

While micrometeoroids refill the surface with gardening, their impacts onto the surface of
airless bodies are surely one of the major drivers of surface release, especially for refracto-
ries and molecules that are tightly bound to the minerals (Janches et al. 2021). The release
material is proportional to the incoming flux and to the velocity of the meteoroids (Cintala
1992). Different origins have been identified for the micrometeoroid populations at Earth’s
and at Mercury’s orbits. The main sources for the inner solar system meteoroid populations
are particles originating from Main Belt Asteroids (MBAs), Jupiter Family Comets (JFCs),
Halley Type and Oort Cloud Comets (HTCs and OCCs) (Janches et al. 2021). Each fam-
ily of meteoroid has a characteristic trajectory and velocity distribution, so that anisotropic
distribution of meteoroids in arrival direction may produce seasonal, diurnal and planeto-
graphic variability of incoming meteoroids (Fentzke and Janches 2008; Janches et al. 2018;
Pokorný et al. 2017; Janches et al. 2021).

In particular, measurement of Ca and Mg in the exosphere of Mercury showed that the
micrometeoroid impact vaporization is the main source mechanisms for these refractory
species, producing a clear asymmetric distribution toward dawn (Mercury’s ram direction)
and a clear seasonal modulation proportional to the expected dust distribution (Burger et al.
2014; Pokorný et al. 2018) (Fig. 5). In fact, the eccentric and inclined (7° with respect to
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Fig. 5 Above: Total vaporization
flux as a function of True
Anomaly Angle (x-axis), and the
impact velocity (y-axis) at
Mercury. The units are g cm−2

s−1 per 2 km s−1 bin. From
Pokorný et al. (2018). Below: Ca
source rate determined using a
source with T = 70,000 K (black
curve) compared to sources
derived from
MESSENGER/MASCS data (red
curve with error bars) along
Mercury’s year (Burger et al.
2014)

the ecliptic plane orbit where the dust disk is distributed) orbit of Mercury passes through
highly variable micrometeoroid intensities. Regions closer to the Sun have higher microm-
eteoroid densities and the relative velocities with the planet are higher, as well. Kameda
et al. (2009) reported a relation of the exospheric Na global intensities with respect to the
distance from the expected dust disk, but Milillo et al. (2021) reported that the Na distribu-
tions generally peak at the hemisphere farther from the dust disk (North above the disk and
South below it). The increase of global Ca content in the exosphere at the comet 2P/Encke
dust stream crossing was observed the by MESSENGER/MASCS UV spectrometer (Fig. 5
bottom panel) (Killen and Hahn 2015), but the intensity of this increase is still to be quanti-
tatively explained (Killen 2016; Plainaki et al. 2017).

For the first time, BepiColombo mission will be able to measure the dust distribution
from the Mio spacecraft and the exospheric distributions of different species and molecules
(Milillo et al. 2020).

Regarding the Moon, the LDEX measurements provided compelling evidence that our
understanding of how meteoroids influence the lunar surface must be revisited. A detailed
description of these findings is presented in Janches et al. (2021). In summary, the measured
fluxes showed that the Moon is engulfed in a permanently present, but highly variable dust
exosphere that is most dense at 5–8 hrs of lunar local time, with a peak density tilted some-
what sunward of the dawn terminator (Fig. 6). Several authors have shown that Long Period
Comets (LPC) produced meteoroids (i.e., HTC and OCC; Janches et al. 2021) should play
a major role in the production of the observed ejecta cloud in the Moon’s equatorial plane.
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Fig. 6 The modelled annually
averaged lunar dust density
distribution for particles with a
≥0.3 μm. The Sun is on the left
and the apex motion of the Moon
about the Sun is towards the top
of the page (Szalay and Horányi
2016)

Furthermore, the cloud density is modulated by both the Moon’s orbital motion about the
Earth and about the Sun. The tilting of the ejecta cloud toward the Sun seems to be more
pronounced earlier during the LADEE mission (November 2013), while the LDEX signal
became more centred around the dawn terminator toward the end of the mission (April 2014)
showing a clear seasonal variability.

Efforts of modelling the influence of meteoroids on the lunar surface parallel those at
Mercury and differ again on the meteoroid populations included in the different treatments.
The effect of gravitational focusing plays a significant role in shaping the lunar and terrestrial
meteoroid environment and the night-side to day-side asymmetry, although reproduced by
the models, still have unknown physical effects that require further investigation.

The absolute mass flux of meteoroids onto the Moon is also a critical quantity that can-
not be fully constrained with LDEX observations. For example, the total flux of MBA me-
teoroids cannot be constrained by modelling LDEX observations because they produce a
negligible contribution to the total ejecta mass production rate due to their very low velocity.
Furthermore, to stay consistent with Earth-based estimates of the mass flux ratio of short-to-
long period comets (Carrillo-Sánchez et al. 2016), Pokorný et al. (2019) finally concluded
that the total mass accreted at the Moon is approximately 1.4 t/day assuming 43.3 t/day at
Earth, where the individual contribution of meteoroid populations are: JFCs ∼72.6%, HTCs
∼12.8% and OCCs ∼10.0%. An important note is that these results represent one of many
possible fits to the available LDEX measurements and that the solution space to provide a
similar or better fit is wide due to the limited selenographic coverage of LADEE.

JFCs meteoroids are concentrated close to the ecliptic plane, arriving from direction to-
wards and away from the Sun (helion and anti-helion sources). HTC and OCC meteoroids
impact the Moon mainly towards the apex direction while MBA meteoroids have radiants
ranging from all directions and are hence able to populate the anti-apex source. Like at Earth,
the apex source has average impact velocities exceeding 55 km/s, while the toroidal and he-
lion/anti-helion sources are in general populated by meteoroids a factor of two slower. Due
to the smaller gravitational focusing on the Moon, JFC and MBA meteoroids contribute 2.5
and 5 times less in terms of the mass flux to the lunar meteoroid environment, respectively,
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Fig. 7 A schematic from Jasinski et al. (2020) showing the photoionization of neutral particles released from
the surface of Mercury due to a large impactor. The newly photoionized particles were observed as pickup
ions by the MESSENGER spacecraft in the solar wind upstream of the bow shock

than at Earth. As a result of the broad latitude distribution of cometary impactors, the entire
lunar surface can be exposed to impacts with velocities as high as 30 km/s, where the near
ecliptic directions can produce impacts with velocities up to 72 km/s.

Finally, Pokorný et al. (2019) showed that the meteoroid mass flux and, consequently,
the impact vaporization flux and ejecta mass production rate experience yearly and monthly
variations that can be well represented by a sum of two sine functions with periods of one
year and 29.5 days (synodic period of the Moon). The mass flux variations amount to 3.3%
of the yearly average mass flux, while monthly variations amount to only 0.2%. For the case
of the impact vaporization flux accounts for 6–8%, while monthly variations are around
4-5%. When the full spectrum of impact velocities is taken into account, the apex/dawn
terminator source is dominating both the impact vaporization flux and the ejecta mass pro-
duction rate for any day of the year. This expected total vapor rate is higher than considered
in lunar exosphere models (Sarantos et al. 2012), meaning that the role of impact vaporiza-
tion in supplying the lunar exosphere with metals may have been previously underestimated,
especially for species like Na and K which do not condense.

In addition to the quasi-continuous flux of micrometeoroid, which contribute to the ex-
osphere generation, sporadic impacts of meteoroid bigger than 1 cm must be considered.
Their frequency is much lower than the impact rate of the micrometeoroid populations, but
their contribution to the instantaneous exosphere density could be dominant (Mangano et al.
2007). In fact, MESSENGER revealed the signature of a major meteoroid impact by de-
tecting the pickup planetary ions in the solar wind upstream of the bow shock probably
originating from atoms released after a meteoroid impact and subsequently photoionized
(Jasinski et al. 2020) (Fig. 7).
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We can expect to record much more detections of these events during the BepiColombo
mission lifetime including mission extensions (Mangano et al. 2007). It will be possible
to search for the impact crater after these events, thanks to the possibility to obtain high
spatial resolution imaging of the surface with the camera suite SimbioSys on board of MPO
(Cremonese et al. 2020).

In the incoming decade, dust detectors on board DESTINY (Krüger et al. 2019) and
IMAP (McComas et al. 2018) missions will allow monitoring of dust at 1 AU, thus pro-
viding an important tool for constraining the meteoroid contribution to the lunar exosphere
formation.

3.3 Solar UV Variability

Together with ions, electrons, and micrometeoroids, solar photons in the UV range arriving
at the surface are an important factor in the release of some species softly bound to the sur-
face, such as volatiles and alkali atoms. In fact, the PSD process releases atoms or molecules
adsorbed on the surface, i.e., species that are not chemically bonded within a mineral (Wurz
et al. 2022).

At Mercury and the Moon, the PSD is considered the most efficient surface release pro-
cess for Na when coupled with the action of ion impact (Mura et al. 2009). In fact, the
vertical profile of the Na densities at Mercury is consistent with a characteristic temperature
of 1200 K, compatible with the PSD energy distribution (Cassidy et al. 2015).

The solar photon fluxes exhibit short time variability due to the emission of solar flares
and long-time variability due to the orbital eccentricity especially on Mercury. The intense
photon flux varies by more than a factor 2 along the orbit of Mercury, due to the inverse
square distance dependence). At the Moon the UV flux is less variable along the orbit that
is less eccentric.

Variabilities of some orders of magnitudes in EUV emission are expected in less than
few hours during solar flares (Werner et al. 2022); in the Lyα line an increase about 20%
has been observed in major flares (Milligan 2015).

Finally, along the 11-year solar cycle the Lyα flux varies in the range (3.5–6) · 1011

ph/(cm2 s) at 1 AU and at solar maximum the flare index (describing the number, size and
brightness of the flaring areas (Ozguc et al. 2021)) reaches a value up to 20 times the solar
minimum periods (Bruevich and Yakunina 2017).

It is estimated that in the early phases of the Sun 10- or 100-times higher UV fluxes were
emitted (Ribas et al. 2005), so that we can expect that PSD was even more relevant in the
first stages of the Mercury’s history (Orsini et al. 2014).

To better constrain the effect of UV variability in the volatile components of the exo-
spheres we would need simultaneous short- and long-term observations of the Sun.

For Mercury, the BepiColombo mission will provide systematic observations during its
nominal lifetime (2 years) and possible extensions (one or two more years) (Benkhoff et al.
2021).

4 Open Points on Exosphere Investigations

Being collisionless, a surface-bounded exosphere can be considered as the sum of different
single-species exospheres. In fact, past exospheric observations of airless bodies revealed
quite different distributions and dynamics of the different species around the body, mostly
depending on chemical properties. The main families can be grouped in: highly volatiles
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and water groups, refractories and molecules and moderately volatiles alkali (Grava et al.
2021a; Schörghofer et al. 2021; Leblanc et al. 2022).

The volatiles are those elements are weakly bound to the surface; they are easily released
and have a low sticking efficiency. Examples of this group are hydrogen, water groups, he-
lium and methane. The refractories are elements with a very high melting point and strongly
bound to other atoms, and above all they are easily oxidizable. They are on the opposite
scale of surface-exosphere interaction compared to volatiles. The alkali metals, like Na and
K, have their outermost electron in an s-orbital and this shared electron configuration results
in a high reactivity.

4.1 Volatiles and Water Group Species

In general, exosphere densities of solar-wind-derived volatiles are expected to scale with
the solar wind flux: the higher the flux of solar wind ions of a given species, the higher
the exospheric content of the corresponding neutral species. This is the case for example
with helium: on the Moon, the lunar exospheric helium density decreases when the Moon
enters in Earth’s magnetotail (Feldman et al. 2012), and the lunar surface is shielded from
the solar wind bombardment (in this case from alpha particles). When the Moon exits the
magnetotail a few days later, the exospheric density of 4He quickly recovers to nominal
levels (Grava et al. 2021b). Observations from LADEE showed also that exospheric He
responds to specific solar wind streams (Benna et al. 2015). But for other solar-wind derived
species, this relationship is not as straightforward. Neon, for example, is also a solar-wind-
derived species, but its photo-ionization lifetime is 3 months. Therefore, it does not show
short-term variations due to solar wind fluctuations. It does show long-term fluctuations:
the pre-dawn exospheric density measured by LACE during nominal solar wind conditions
was about one order of magnitude lower than the exospheric density measured by LADEE
from orbit, during a iCME. However, modelling efforts by Killen et al. (2019) revealed that
the surface-exosphere interaction of neon is not as simple as previously thought: the neon
lifetime required to match LACE data is 4.5 days, 20 times shorter than the photo-ionization
lifetime for nominal solar wind conditions (100 days), and comparable to helium, a gas that
is lost mainly through thermal escape.

At Mercury, close to subsolar point Mariner-10 detected a H double temperature vertical
density profile that is justified for highly volatile species that mix population thermalized
with the dayside surface (420 K) together with low temperatures population thermalized
with the night side (110 K) and circulating in the dayside (Hunten et al. 1988; Grava et al.
2021a). Exospheric hydrogen was detected also at the Moon in molecular form H2 (Stern
et al. 2013). The implantation of solar-wind protons into the lunar soil generates an OH-
veneer and, in small amounts, molecular water, a subject reviewed in Schörghofer et al.
(2021) (Fig. 8). These interactions of the solar wind with the amorphized grain surface
layers need to be understood in far more detail, so we can quantify the production rate of H2

versus H2O and the degree of latitudinal and possibly diurnal variation of the OH surface
population. Another central question is to what degree water molecules can repeatedly hop
on the lunar surface, which defines the ability of an exosphere to transport water to polar
cold traps.

The Moon offers an ideal laboratory to study the fate of solar wind ions recycled as neu-
tral to form the exosphere of an airless body. One example is the neutralization of solar wind
alpha particles to create helium. The recent finding that observations of lunar helium are con-
sistent with full thermal accommodation with the surface (Grava et al. 2021b) suggests that,
even if it is expected that a good portion is back-scattered and should not interact with grains
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Fig. 8 Kinetic scheme for the solar-wind-induced water cycle on the surface of Mercury. Upon heating, a
reaction takes place between neighboring OH sites (encircled with green) resulting in the formation of gas
phase water and an oxygen bridge between cations (Schörghofer et al. 2021)

more than once, some incident helium atoms are expected to experience multiple collisions
with different grains of the regolith prior to reflection from the lunar surface, thus losing
energy. Methane (CH4) is another example. It has been detected by LADEE/NMS. Hodges
(2016) showed that the recombination of solar wind carbon ions with hydrogen atoms in
the soil is a pathway for production of methane in the lunar exosphere (methane can offer
insights on the fate of H as well, as pointed out by Tucker et al. 2019). However, carbon-
bearing species can also come from micrometeoroids so the conclusion obtained should be
taken with some caveats. Hodges (2016) predicted that CO should also be present in signifi-
cant amounts in the lunar exosphere, owing to its photoionization lifetime, which is 9 times
longer than methane’s. Unfortunately, artifacts in the mass channel 28 prevented the LADEE
NMS from detecting CO, but LACE detected a post-sunrise peak in exospheric density at
the same mass channel, which were attributed to either N2 or CO (Hoffman et al. 1973).
Despite the absence of artifacts, LADEE NMS did not detect CO2. More measurements are
clearly desired to understand the solar wind ions recycling at the lunar surface.

A central role of the exospheres of condensable species is their ability to transport
molecules from any location on the surface to cold traps, where they accumulate in con-
densed form as ices. At the current state of knowledge, these processes are expected and
plausible, but they have never been proved. The definite detection of an exosphere of molec-
ular water on a large airless body with a silicate-rich surface would be a crucial observation.
The few existing observations are limited by ambiguities. CHACE-1 made a one-time mea-
surement on the Moon (Sridharan et al. 2010) that exceeds the upper limit from the Apollo
era (Stern 1999). LADEE did not distinguish between OH and H2O (Benna et al. 2019).
On Mercury, no instrument has yet allowed such a measurement to be performed. And also
on Ceres, for example, most attempts failed to detect an H2O exosphere, with two excep-
tions involving instrumentation that is no longer available (Schörghofer et al. 2021). In total,
no measurement reveals whether such an exosphere is global or localized in the shape of a
plume. Definitive observations of a water exosphere and its properties would greatly advance
our framework of understanding exospheres and ices on these planetary bodies.

Another key task is to determine the ability of exospheres of condensable species for
lateral transport. In other words, whether molecules undergo repeated ballistic hops or are
chemisorbed indefinitely on the surface after the first hop. So far, observations have provided
only indirect evidence for or against this hypothesis, and, likewise, theory has been used to
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argue for or against repeated ballistic hops. The answer to this question may to a large degree
determine the abundance of water on the Moon, an essential resource for sustained robotic
and human presence on the Moon.

The interaction of H and H2O with radiation-damaged silicate-rich grains needs to be
understood far more comprehensively. One aspect, already mentioned, is the ability of H2O
molecules to repeatedly desorb. The other is the rate at which solar wind interactions gener-
ate molecular water by interaction of solar wind protons with metal oxides. The activation
energies and processes on these complex amorphized surfaces can be investigated with fur-
ther laboratory measurements and solid state modelling.

Volatiles are also useful to study outgassing from the interior. Evidence from outgassing
from the interior of the Moon has been provided by several instruments. The Apollo 17
LACE mass spectrometer deployed on the lunar surface detected 40Ar, which is the radio-
genic product of the decay of 40K within the crust. A small fraction of the lunar exospheric
helium, also detected by LACE, is also endogenic, coming from the radioactive decay of
thorium and uranium (Hodges 1977). The Alpha Particle Spectrometers (APS) onboard the
Apollo 15 and 16 command modules and Lunar Prospector detected alpha particles pro-
duced by the decay of radon and polonium (Gorenstein and Bjorkholm 1973; Bjorkholm
et al. 1973; Lawson et al. 2005). Data collected from these two types of instruments reveal
that the outgassing of these radiogenic elements is variable, both spatially and temporally.
Some of the regions that were actively outgassing radon during the Apollo era were not
active during the Lunar Prospector survey, 30 years later. Radiogenic gases concentration
on the Moon appears to peak in pyroclastic deposits and prominent young craters such as
Aristarchus and Alphonsus, and at the mare-highlands boundaries. These are all regions with
either a thin crust (such as in pyroclastic deposits) or a fractured terrain (the Maria edges,
such as the landing site of Apollo 17), which both facilitate the outgassing from the lunar
interior into the exosphere (Fig. 9). Some radiogenic gases detected so far (radon, polonium)
condense on the cold lunar nightside surface and on PSRs. Therefore, long-term monitor-
ing of the exospheric density of these gases can constrain the outgassing rate and thus the
amount of incompatible elements thorium and uranium, benefiting the study of the origin of
the Moon (and Mercury, assuming these elements will be detected by BepiColombo).

4.2 Refractories

Being very “sticky”, i.e., with a very high activation energy for desorption, refractories are
released only by energetic processes, such as MIV and sputtering by energetic ions, mostly
from the solar wind. As such, they are important species to study the response of surface-
bounded exospheres to changes in the external environment (solar wind and micrometeoroid
flux).

For certain species a double mechanism has been proposed. For example, for calcium,
detected at Mercury, it has been suggested that first it is released from the surface by an
energetic process (MIV or ion sputtering) in the form of calcium oxide (CaOH, Ca(OH)2, or
CaO). After the first plume expansion, it is subsequently dissociated by photons or electrons,
or via unimolecular decay, with an excess of energy, resulting in different molecules or atoms
with additional energy imparted to Ca products (Berezhnoy 2018). The final products after
the impact depend on the quenching temperature of the expanding cloud that is expected
to be in the range 3000-4000 K. At temperatures ≤3750 K in the impact-produced cloud
Ca(OH)2 dominates over both atomic Ca, CaO and CaOH, while at higher temperatures it
is considered that the predominant form of the initial calcium ejecta is CaO (Berezhnoy
2018). Recently, Moroni et al. (2023) showed that observed Ca density at Mercury can be
quantitatively explained only if the quenching temperature is below 3750 K.
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Fig. 9 Scheme of radon decay, with alpha particle energies pertaining to each product. The short half-life of
radon makes it a useful species to constrain regions of active outgassing (Grava et al. 2021a or Grava et al.
2021b, adapted from Lawson et al. 2005, JGR, 110)

The release near dawn, necessary to explain an excess of Ca detected there (Burger et al.
2014), is consistent with micrometeroid bombardment, which peaks at dawn due to the mo-
tion of the planet. Moreover, a regular excess concentration of Ca in the Hermean exosphere
at certain true anomaly angles has been explained by the intersection of Mercury’s orbit with
that of comet 2P/Encke (Killen and Hahn 2015). Nevertheless, as mentioned in Sect. 3.2,
a quantitative estimate of the excess Ca produced has not yet been obtained (Killen 2016;
Plainaki et al. 2017). Other features in the yearly Ca distributions, like a decrease while
approaching the perihelion or a secondary maximum while approaching the aphelion, still
need to be explained, as well (Fig. 5 bottom panel).

This suggests that other mechanisms are likely at play, waiting to be uncovered by future
observations from the ground or from BepiColombo’s suite of instruments. It is also possible
that Ca is released in another molecular form, such as CaS. Mg is another species of interest.
Detected at Mercury by MESSENGER, as for Ca, the temperature (energy) of Mg atoms in
the exosphere is twice that expected from MIV. Mg is important because of the link to Mg-
rich regions at the surface. Merkel et al. (2018) showed that the exospheric Mg abundance
peaks when Mg-rich regions are exposed at dawn at perihelion.

More observations, laboratory measurements, and simulations are needed to study the ex-
ospheric distribution and dynamics. In particular, much more atomic and molecular species
are expected to be released into Mercury’s and Moon’s exospheres. The nightside exo-
spheres are still almost not constrained by measurements since most of the observations,
especially for Mercury, have been performed by remote sensing instruments that collects
emission lines of photon-excited atoms.

4.3 Alkali Metals

Alkali more than other species, like refractories and highly volatile components are released
by complex mechanisms. Due to their high reactivity but relatively low binding energy with
the surface makes their release is affected by thermal radiation, UV photons, ion and electron
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Fig. 10 Scheme of Sodium circulation between Mercury’ surface and exosphere. It can be applied to the
lunar Na exosphere by considering a different plasma precipitation map (revised from Leblanc et al. 2022)

impact and micrometeoroid impact, radiative diffusion inside the regolith, and triggered
by energetic particle radiation and chemical modification of the surface (Wurz et al. 2022;
Leblanc et al. 2022). On the other hand, they (especially Na) are the species most observed
in the environment of Mercury and the Moon since Na and K have two resonance emission
lines in the visible range, close and near the solar emission maximum, so they are easily
observable by ground telescopes.

Beside the set of observations and modelling that could help to progress in our under-
standing of the Na and K exospheres around the Moon and Mercury, the relations between
magnetosphere, surface and exosphere can be specifically addressed by combining various
observations and new theoretical and experimental developments.

The very first external driver that controls the alkali exospheres of the Moon and Mercury
is the solar photon flux. This flux has three different effects on the sodium and potassium
exospheres. First, it contributes to the ejection of these volatiles from the surface by ei-
ther thermal desorption or by photon stimulated desorption. A detailed description of these
two mechanisms can be found in Wurz et al. (2022), as well as in Leblanc et al. (2022)
(Fig. 10). The EUV/UV range of the solar photon flux also leads to the photo-ionization
of these atoms, which is very probably the most efficient process for creating sodium and
potassium exospheric ions. But, the solar photon absorption and emission also induces an
anti-sunward force, the solar radiation pressure, at the origin of the very extended exospheric
tail at Mercury (Schmidt 2013) but also at the Moon (Baumgardner et al. 2021).

To observe how efficient might be the solar flux might be in controlling the exosphere
of Mercury and the Moon, one approach is to image the diurnal and annual variabilities of
the exosphere. It needs, however, a large set of observations and the help of models taking
into account all possible mechanisms at the origin of the alkali atoms in the exospheres (see
Leblanc et al. 2022). For example, waiting for the BepiColombo nominal mission, when
we will have in situ detection and global imaging of the Na distributions (Milillo et al.
2020), we need more ground-based observations to obtain a more complete dataset for the
investigation of the dawn-dusk Mercury’s seasonal variability (Milillo et al. 2021). In fact,



49 Page 24 of 45 A. Milillo et al.

ground-based observations with dawn/dusk view at all True Anomaly Angle (TAA, i.e.,
Mercury’s angular distance from perihelion) are still not available. Furthermore, we need
more statistics for investigating the northern/southern peak occurrence along the orbit.

The two opposite effects in terms of exosphere production and loss, photo-ionization
and photon-desorption, are controlled by the same EUV/UV spectral range also during vari-
able photon flux in the solar events. Solar flares are relatively short (few tens of minutes)
with respect to the typical time scale of the global exosphere (few hours) which makes any
signature in the exosphere difficult to image directly in its neutral component.

Another key driver of the alkali exospheres, that has been highly debated along decades,
is the relation between Mercury’s magnetosphere and exosphere. It is known since the very
first ground-based observations of Mercury’s sodium exosphere (Potter and Morgan 1990),
that sporadic peaks in sodium emissions at high latitudes exist in Mercury’s exosphere. It
has been postulated that what controls these maxima was the effect of the precipitating solar
wind particles onto the surface which sputtered volatiles in Mercury’s exosphere. No evi-
dence for a similar process has ever been observed around the Moon. Actually, the relatively
long time scale of this structure (Leblanc et al. 2008) rather suggests that the sodium atoms
were not ejected directly from the surface but rather brought to the upper surface by radia-
tive induced diffusion inside the regolith as suggested at the Moon when passing through the
Earth magnetospheric tail (Wilson et al. 2006; Sarantos et al. 2008) and for Mercury sodium
exosphere (Mura et al. 2009).

But without a simultaneous knowledge of the solar wind conditions, it is extremely diffi-
cult to infer the real efficiency of solar wind particles in populating the exosphere. Ground-
based observations during iCME (Orsini et al. 2018) were used to infer such a relation.
However, this remains very speculative because ground-based observations are also strongly
dependent on the Earth atmospheric condition. On the other hand, recent studies (Sun et al.
2022) show that during event of ion precipitation enhancements (Flux Transfer Events) the
Na-group ions population above the cusp of Mercury’s magnetosphere (interpreted as ion-
ized component of the sputtered material) increases, as well. It implies that any interpre-
tation of the apparent positions and structures of the reconstructed exosphere needs to be
done considering the intrinsic limited spatial and temporal resolutions. This is particularly
true when the images of Mercury’s exospheric emission are obtained on hour time scale
(Mangano et al. 2009), a time scale significantly longer than the typical solar wind perturba-
tion duration. Fortunately, ground based observatories able to target Mercury are gradually
incorporating adaptive optics which should significantly improve their spatial resolution and
allows a much better tracking of Mercury spatial variability induced on short time scales.
Moreover, BepiColombo forthcoming insertion around Mercury will provide a new opportu-
nity (after MESSENGER) to correlate in situ solar wind observation with ground based and
in situ observations of Mercury’s exosphere (Milillo et al. 2020). In the Moon case, high
spatial and temporal resolution measurements of Na could allow the investigation of the
surface response to solar wind variability especially in proximity of the magnetic anomalies
(see Sect. 3).

Some directions of investigations of the alkali exospheres can be summarized as follows
(Leblanc et al. 2022):

- In-situ measurements are essential to obtain simultaneous observations of drivers and
the resulting exosphere. Thus, detailed study of the effect of impact of iCME or meteoroid
showers can be performed by in-situ measurements.

- Ground based observations have the capability to monitor and globally image the Na
and K exospheres.

- Modelling developments remain essential to further understand ground based, MES-
SENGER, and future observations. In particular, these new models should provide a better
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description of the interaction between exosphere and surface by introducing a detailed de-
scription of the regolith and of the fate of the exosphere through it. The effect of space
weathering on the surface release should be parametrized in the models.

- Laboratory experiments have a key role in addressing the weathering of the surface and
the effects on the release efficiency.

4.4 Open Points on Exosphere Dynamics, Sources, and Loss

The exosphere composition of the airless bodies is related to the surface composition,
weighted by the surface-release process efficiencies and particle dynamics. Information on
exosphere composition can be obtained indirectly via heavy ion detection. Planetary ions
are mostly generated via photoionization of the exospheric components. The circulation of
charged particles in the magnetosphere (in the case of Mercury) or as pick up ions in the
solar wind (at the Moon) allows the detection of planetary species at higher distances.

For the Moon the exosphere generation processes are similar to the Mercury case but with
different weight and geometry and at lower gravity. Over extended time scales, the different
gravity field of Mercury compared to the Moon is expected to have produced differences in
exospheric loss according to the efficiency of different surface release processes for different
species (Wurz et al. 2010). This would result in an alteration of the surface composition at
Mercury, in contrast to the Moon, where the exospheric loss is similar for all refractory
elements (Wurz et al. 2007). For example, the Na/K ratio in Mercury’s exosphere cannot
be simply associated with the primary abundances but different transport and loss must
be considered. Both Na and K could be accelerated anti-sunward by radiation pressure,
photoionized and captured by the solar wind. However, they can also re-impact the surface
and ionized (followed by neutralization) or neutral state. The higher mass of K relative
to Na results in a smaller scale height and a larger gyroradius, which may result in more
rapid net loss of K (Potter et al. 2002a,b). Taking into account different loss processes, the
observed Na/K exospheric ratio may be consistent with an initial abundance close to solar
or meteoritic ones (Leblanc and Doressoundiram 2011). On the other hand, in the case of
asteroids, gravity is negligible so the exosphere radiates from the body at a net loss, thus a
survey of the exosphere gives direct information of the pristine material of the body (Plainaki
et al. 2009).

Unfortunately, up to now only measurements at low mass resolution are available in Mer-
cury’s environment from MESSENGER. The ion spectrometers on board both Mercury’s
orbiters of BepiColombo will allow the identification of new species, also the heaviest ones
which can be energized and circulated in the magnetosphere (Milillo et al. 2020).

For the Moon, multiple missions with instruments relevant to exospheres and exosphere-
surface interactions are expected to launch soon. Already at the Moon are CHACE-2
(a neutral mass spectrometer) (Das et al. 2020) and IIRS the infrared spectrometer on
Chandrayaan-2 (already in orbit) (Chowdhury et al. 2020).

MESSENGER UVVS/MASCS observations have clearly shown that the surface com-
position might have a direct impact on the exosphere composition in the case of its Mg
component (Merkel et al. 2018). No similar evidence has been obtained in the case of the
Alkali exospheres, even if the high latitude peak in surface density has been tentatively
explained by the preferential exospheric sodium reabsorption of the surface in these cold re-
gions (Peplowski et al. 2014). Here again, BepiColombo forthcoming detailed observation
of the surface composition combined with in situ and remote observations of the exosphere
might help us to improve our understanding of this relation (Hiesinger et al. 2020).

A prevalence of Na emission in the equatorial dawn hemisphere has been first spotted by
ground-based observations (Sprague et al. 1997; Potter et al. 2002a,b; Schleicher et al. 2004)
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and then confirmed by the MESSENGER/MASCS and by other statistical studies of ground-
based images (Fig. 11 panel b) (Milillo et al. 2021). This local time asymmetry has been
explained considering a global Na circulation in the exosphere and preferred condensation
of the alkali atoms in the cold regions of the nightside surface (Mura et al. 2009). The
MESSENGER observations showed a dawn enhancement in the outbound leg of Mercury’s
orbit but also a prevalence in the equatorial dusk regions between TAA 180° and 270° where
the surface exposed at lower average temperatures is sunlit (Cassidy et al. 2016) (Fig. 11
panel a). Such intriguing correlation has been interpreted by the long-term effects of the
thermal forcing on the surface capability to trap sodium atoms and to release it when these
longitudes face the Sun. How the thermal forcing acts on the sodium surface reservoir is
not well understood but could be due to the migration of this volatile species through the
first hundred µm of the regolith (Sarantos and Tsavachidis 2020), a migration which would
be controlled by the thermal gradient with depth and the radiative induced diffusion of the
sodium atoms through the grains and regolith. This peak is not consistent with models of
thermal desorption (Leblanc and Johnson 2003; Mura et al. 2009), which have all the Na
reservoir, which was built up during night, quickly desorbed – and thus depleted – in the
early morning hours. The simulation cannot explain this behaviour without considering extra
internal sources of Na (Leblanc et al. 2022).

Porosity also affects mobility on the surface of volatile elements. For alkali atoms (Na
and K), similarly to what described in Killen et al. 2004, surface diffusion reduces the net
desorption of adsorbates (Sarantos and Tsavachidis 2020). This reduction in desorption rate
is temperature-dependent, as it depends on porosity (and thus mobility), PSD yield, and
sticking coefficient. Therefore, only when temperature reaches 500 K does thermal desorp-
tion start contributing to mobility. On the Moon, the difference in surface grains mobility
(diffusion) between K and Na may explain the difference in longevity of Na and K mea-
sured from LADEE: K is heavier, so it has reduced mobility, and hence it is more easily
photo-destroyed, while Na is more long-lived.

The seasonal variation of the total content of Na in the exosphere shows a distribution
with a maximum at aphelion and a secondary maximum at perihelion (Cassidy et al. 2015;
Milillo et al. 2021). The drivers able to release Na are maximal at perihelion, so that the
observed trend is not straightforward. The suggested explanation of this trend includes the
variable contribution of the radiation pressure that pushes Na atoms into the tail and the vari-
able photoionization rate along Mercury’s eccentric orbit and thermal inertia of the surface
(Rognini et al. 2022). The quantitative justification of an exospheric maximum at aphelion
could be due to the combined effect of the 3:2 orbital resonance, and the plasma or microm-
eteoroid precipitation in the nightside along the orbit (Mura et al. 2023).

Added to the equatorial dawn/dusk asymmetry of the Na distributions, a northward or
southward peak prevalence along the TAA has also been discovered by analysing THEMIS
ground-based images (Milillo et al. 2021). Specifically, it seems that between TAA 0° and
180° in the outbound leg of the orbit (from periherm to apoherm) coinciding with Mercury’s
orbit above the dust disk, the Na peak is observed more frequently at Northern latitudes,
on the contrary, the peak is observed more frequently Southward in the inbound leg (TAA
from 180° to 360°) coinciding with Mercury below the dusk disk (Fig. 11 panel c). This was
not expected; in fact, if the Na surface release was related to ion impact, a predominance of
the southward peak, where the cusp and loss cone are expected to be wider because of the
magnetic dipole northward shift, should be seen. Furthermore, if the Na surface release was
related to ion impact onto the surface, we would not expect a north-south asymmetry linked
to TAA. The ion precipitation which in turn is linked to the IMF conditions varies on short
time scales and should not depend on season. A link of the north-south asymmetry to TAA
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Fig. 11 Averaged Na column density measurements along Mercury orbit. a) equatorial distributions show-
ing dawn/dusk asymmetries derived from MESSENGER/MASCS observations (Cassidy et al. 2016): dawn
prevalence between TAA 90° and 180°, and dusk prevalence between 180° and 270°. b) equatorial distri-
butions from THEMIS ground-based observations (Milillo et al. 2021) that confirms the dawn prevalence,
but cannot confirm the dusk prevalence observed by MESSENGER. Grey bullets represent no data are avail-
able. c) Latitudinal distribution showing that statistically the Northern/Southern peaks are more frequent in
the outbound/inbound leg when Mercury is above/below the expected interplanetary dusk disk (Milillo et al.
2021)

opens new hypotheses on the Na generation mechanisms. On the other side it also seems to
contradict the role of micrometeoroids impacts that should be higher closer to the dust disk,
so in the opposite hemispheres.

Eventually, the importance of the meteoroid bombardment in supplying part of the ob-
served exospheric species has been demonstrated by MESSENGER (as an example in the
case of the exospheric Ca and Mg, see Janches et al. 2021 and Grava et al. 2021a). The
role of this release process on the alkali population in the exosphere is still not clear. While
different studies suggest that it is generally small (e.g.: Wurz and Lammer 2003; Wurz et al.
2010) Kameda et al. (2009) found a correlation between the total Na exospheric intensity
and the distance from the interplanetary dust disk, and Gamborino et al. (2019) suggest that
the MMIV process is the predominant mechanism populating equatorial high altitudes dur-
ing the MESSENGER observations. BepiColombo offers a unique perspective thanks to the
possibility to quantify the dust flux, its temporal and spatial distributions by Mercury Dust
Monitor (Kobayashi et al. 2020). The combination of measurements of the incident dust flux
and in situ/remote sensing observations of the various components of the exosphere will be
a unique opportunity to fully address investigation the exospheric signatures of the perma-
nent bombardment of the surface by this dust. In fact, this is a key mechanism in the space
weathering of the surface but also a major driver of Mercury and the Moon exospheres.
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5 Requirements for Advanced Exosphere Modelling

Different MonteCarlo (MC) models have been proposed for describing the exospheres of
Moon, Mercury, and asteroids. Although the numerical implementation of how to track
millions of test particle trajectories to estimate macroscopically measurable parameters is
straightforward, advances are required when it comes to several input parameters that are
required or assumed in these models. These include the speed distributions of ejected atoms
and molecules, the initial directions of emission, the specification of what occurs during
surface-atom interactions (e.g., degree of energy and momentum accommodation), the dif-
fering amounts of a constituent at different geographic locations, the directionality of drivers
such as incident ions and meteoroids, and other factors (e.g., porosity). Many of these im-
provements necessitate that new laboratory experiments be performed.

5.1 Modelling Status

Foundational work in the use of Monte Carlo sampling of particle trajectories to estimate
exospheric measurables was described by Hodges (1980). Early work focused on explaining
measurements of helium and hydrogen-bearing gases at the Moon (Hodges 1973b; Crider
and Vondrak 2000), with those papers explaining the algorithms used for the sampling of
initial locations and velocities for the few test particles that stand for a much larger ensem-
ble of gas atoms and molecules. The same methods were later applied to simulate argon
(e.g., Grava et al. 2015; Hodges 2018), methane (Hodges 1975, 2016), and the water group
gas constituents of the Moon (e.g., Crider and Vondrak 2000, 2003; Smolka et al. 2023).
The more recent studies include an increasingly sophisticated treatment of the gas-regolith
interactions, including the chemical conversions of species on the regolith surface.

Sodium has received much attention in modelling due to the availability of interesting
lunar and Hermean observations since the mid 1980s. A first model describing the Na and K
exosphere along Mercury’s orbit was developed by Smyth (1986) and updated by Smyth and
Marconi (1995). This model included a Na population released at 2.6 km/s plus an ambient
(thermally accommodated) population generated after the first bouncing onto the surface. It
considered the photoionization and the important role of radiation pressure for the escape
along the orbit showing the anticorrelation between radiation pressure and Na exosphere
observations. This model considered that the escape is replaced by a general source of Na
due to micrometeoroid gardening.

The longevity of the exospheric reservoir was since studied with more sophisticated
time-dependent sodium adsorbate models. Mura et al. (2009) (IAPS exosphere MC model),
Leblanc and Johnson (2003), and Leblanc and Johnson (2010) developed Na exosphere
models where the non-uniform planet rotation and the sticking efficiency are taken into ac-
count, so that the seasonality of Na release is better described. Additionally, Mura et al.
(2009) included the effect of the enhanced efficiency for Na release by PSD after ion impact
on the dayside as well as in the night side. By only considering the PSD as the main surface
release process for Na and a simple surface thermal model, the observed yearly distribu-
tion maximum at aphelion cannot be reproduced. Only by adding a more realistic thermal
model, which accounts for the regolith’s thermal inertia, can a secondary peak at aphelion be
reproduced (Rognini et al. 2022), but still far different than the observed seasonally varying
densities (Cassidy et al. 2015; Milillo et al. 2021). Recently Mura et al. (2023) presented
an analytical model that explains the peaks at aphelion and perihelion with the combined
effect of the 3:2 orbital resonance, and the modulation of the magnitude of sources and
losses along the orbit. The processes due to plasma and micrometeoroid impacts produce an



Future Directions Page 29 of 45 49

accumulation of un-bound Na atoms in the nightside. These atoms are released when they
are exposed to Sun light at dawn following the specific 3:2 spin to orbit resonance. Finally,
the enhancement of Na column density at aphelion, and the dawn-dusk asymmetry in the
outbound leg are due to the orbit resonance and are stable features of Mercury’s exosphere.

As mentioned in Sect. 4, other observables that cannot be reproduced by the state-of-the-
art models are a dusk prevalence in Na equatorial exosphere at TAA 180°-270° (Cassidy
et al. 2016); the Na increase northward/southward in the outbound/inbound orbit leg, corre-
sponding also to above/below ecliptic plane (Milillo et al. 2021); and the short- term varia-
tion of Na and its relationship with the plasma precipitation. Thus, no model yet succeeds in
describing the seasonal sodium circulation. One area that merits further study is the incor-
poration into the boundary conditions of global models of the effects that regolith imposes
on gas release because of micro-shadows and Knudsen diffusion (Sarantos and Tsavachidis
2020, 2021). Besides, the relative importance of thermal or photon desorption is still under
discussion, since, according to Gamborino et al. (2019), close to the subsolar point, the Na
atoms are mostly released by TD, and no more reservoir is left for PSD release. The actual
temperature at which the surface transitions from retentive to emitting is a function of the
binding energy of adsorbates to the surface, and if the surface is heterogeneous (e.g., consist-
ing of different minerals), the high energy sites are filled first due to surface diffusion, lead-
ing to non-linear release with temperature (Sarantos and Tsavachidis 2021) and thus sup-
pressing thermal desorption. Existing experiments may not have resolved these distributions
as they were conducted at larger spatial scales. Thus, sensitive measurements of alkali ad-
sorption and desorption on lunar samples at low coverages are required for improved models.

More reactive species are easier to simulate because the boundary conditions (reactions,
no thermal desorption) are simpler to implement in a numerical program. Predictions for
other Hermean species were presented by Wurz and Lammer (2003) using a bidimensional
MC model that expanded in altitude the expected or observed exospheric densities of differ-
ent species at the surface according to the energy distribution of each involved process. The
Wurz et al. (2010) model update considered a more realistic surface mineralogical composi-
tion. Their results pointed out that globally the ion sputtering and MIV contributions in pop-
ulating the exosphere are minor, but they could be relevant for specific refractory elements.

As MESSENGER and ground-based observations became available, some of the mod-
els of refractory species were refined, mainly in the assumptions of speed distributions of
ejected atoms. Burger et al. (2014) developed a model for deriving the Ca distribution after
micrometeoroid impact vaporization to be compared to the MESSENGER Ca observations,
while Sarantos et al. (2011) presented an exospheric model for Mg and compared to the
MESSENGER observations. They found that both these exospheres present a highly ener-
getic component (equivalent temperature > 20,000 K) that requires a multiple step process
for its generation. Plainaki et al. (2017) presented a MC model derived from the IAPS exo-
sphere MC model for comparing the observed Ca distributions due to a possible source of
micrometeoroid shower at the 2P/Encke comet trajectory crossing. This model considers for
the first time after MIV the Ca release in molecular form (CaO) and shock induced photodis-
sociation and neutralization process, as suggested by Killen (2016). The expected mapping
of the impact stream onto the surface, as derived by Christou et al. (2015), was considered
as input. Their results showed a well reproduced exospheric distribution, but the expected
energetic Ca intensities were about 2 orders of magnitude less than observed. The study by
Berezhnoy (2018) on the MIV expanded cloud shows that the resulting exospheric compo-
nents from Ca bearing rocks, have higher fraction of atomic Ca than considered before (CaO
3 times more than energetic Ca).

Recently the updated IAPS MC model (Mura et al. 2007) has been used to reproduce
the yearly Ca exospheric distribution considering the micrometeoroid input from Pokorný
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et al. (2018) and the Berezhnoy (2018) results (Moroni et al. 2023). They found that the
total exospheric Ca content is consistent with the observed one if the plume quenching
temperature is less than 3750 K and not about 4000 K as considered in previous studies. In
their study, relevant features are still not reproduced and they did not include the comet dust
streams so that to fully describe the short and long time variabilities and the local and global
features in the distributions still different assumptions have to be considered.

Predictions for a variety of refractory species (Wurz et al. 2007; Sarantos et al. 2012)
cannot be tested due to the unavailability of measurements, but improved models should
incorporate the non-uniform distribution of species on the surface (Prettyman et al. 2006)
following those measurements of potassium which show correlation of the exosphere and
surface distributions (Colaprete et al. 2016). Also, multispecies models that incorporate all
existing constraints on the hydrogen and water cycle are required.

5.2 Open Issues on Exospheric Modelling

As we move forward, an improved description of gas-surface interaction, ranging from the
nanoscale to the planetary scale, is required for higher fidelity models.

On the nanoscale, inputs from Molecular Dynamics (MD) simulations will provide infor-
mation from first principles on the energy exchange and angular distribution of gases from
smooth and rough surfaces. At the moment, such MD calculations are performed for solar
wind hydrogen (Leblanc et al. 2023) and should be extended to other species discussed here
(e.g., sodium). New models should include release in molecular form and consider chemical
processes in the exosphere. Another effect to be considered at the atomic scale is surface dif-
fusion between adjacent sites. Present modelling practices assume that the binding energy
of an adsorbate is assigned at the time of impact and is never updated. When instead sur-
face diffusion is permitted, the release of adsorbates at low coverages, such as experienced
in most lunar regions, could be suppressed at some temperatures and enhanced at higher
temperatures due to the population of sites of the highest binding energy through diffusive
motion along grain boundaries (Sarantos and Tsavachidis 2021).

On the microscale, emphasis should be placed on accounting for the effects of micro-
roughness consistent due to the granular nature of regolith. The effect of small-scale shad-
ows (<10 cm) in global models could be acknowledged through a trapping probability
(Hayne et al. 2021). An additional effect to be included is that shadows at the scale of
several grains can be a substantial sink for photosensitive species like sodium (Sarantos
and Tsavachidis 2020). The sputtering yields for different plasma populations as well as
the angular distributions for sputtered atoms should incorporate the effect of surface mi-
croroughness (e.g., Cupak et al. 2021). For species of intermediate volatility and at low
coverages, new models must account for the fact that release from regolith is gradual due
to Knudsen diffusion into the subsurface, which decelerates desorption (e.g., Sarantos and
Tsavachidis 2021). The effect of Knudsen diffusion has been included in local simulations
to estimate volatile retention at specific locations of the Moon (Schörghofer 2022; Reiss
et al. 2021). However, the only global exosphere model to account for explicit diffusion into
the subsurface is that of Teolis et al. (2023), and toy models approximating the effect of sub-
surface diffusion were proposed by Kegerreis et al. (2017). Although the effect of diffusion
can be approximated in a one-layer model by adopting an effective distribution of binding
sites (Sarantos and Tsavachidis 2020), or, equivalently, by waiting times for desorption that
are not exponentially distributed (e.g., log-normally distributed), solving Fick’s law (Teo-
lis et al. 2023) is the preferred solution. In the absence of experimental data, calculations
with sphere packings like those of Sarantos and Tsavachidis (2021) can be used to estimate
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Knudsen and surface diffusion coefficients for global models. And finally, temperature gra-
dients in the first few centimeters of the regolith have been adopted in simulations of volatile
pumping and retention at the local scale, but not in global exosphere simulations. This is a
necessary step. Calculations of these gradients based on LRO radiometer measurements ex-
ist for the Moon, and radiometer data from BepiColombo can be directly used to constrain
Mercury models in the near future.

On the planetary scale, improvements to the directionality of the drivers and the effects
of topography should be considered. Better description of the drivers as new inputs be-
come available is an obvious step. Such information may include the meteoroid (Pokorný
et al. 2017, 2018, 2019) and plasma directionality, the dust distribution in the interplanetary
space, surface inhomogeneity and realistic compositions. New models must include large-
scale topography (∼1 km scale or more), which is especially important near the poles and
terminators.

6 Expected Results from the Next Future Observations

In the coming years, space exploration of the inner solar system will see a golden age. In
addition to the BepiColombo mission (Benkhoff et al. 2021) that will systematically observe
Mercury with two spacecraft, other missions in the inner heliosphere are devoted to Sun and
IMF observations, like Solar Orbiter (Müller et al. 2020) and the Parker Solar Probe (Fox
et al. 2016). Moreover, the lunar exploration program, boosted by the human colonization
aim, includes tens of orbital and landed missions from multiple nations and, for the first
time, also by private entities. Multiple lunar landings are planned during 2023-2027 under
NASA’s Commercial Lunar Payload Services (CLPS) program. At the moment, flights to 11
delivery sites have been selected (Lacus Mortis, Mare Crisium, Shackleton, Reiner Gamma,
Nobile, Schrödinger, Gruithuisen Domes, South Polar region, and other sites yet to be de-
fined). The selected payloads contain neutral gas mass spectrometers, plasma spectrometers,
magnetometers, and drills and sample collection for in situ analyses of volatile content. Of
particular interest within the CLPS program is the Volatiles Investigating Polar Exploration
Rover (VIPER) landing at Nobile Crater. VIPER will drill at several locations over a period
of 100 days to determine the volatile content of sites in the south polar region as a function of
depth. It carries an infrared spectrometer, a mass spectrometer, and a neutron spectrometer.

Deployment of surface instruments is also planned by human astronauts in about 2026
during the Artemis program. The ARTEMIS III Science Definition Team (SDT) Report
contains several priority measurements that are relevant to exospheric processes and drivers,
making it likely that some instruments with such objectives will be deployed. The Priority
Goals of the SDT Report that are relevant are: 7 L-1) Understand the plasma properties near
the lunar surface and how they respond to external drivers, particularly across the termina-
tor; 7 L-2) Understand the origin of lunar surface potentials, how they evolve between sunlit
and shadowed regions, and under what circumstances they pose a threat to exploration; 2E)
Learn how water vapor and other volatiles are released from the surface and migrate to
the poles, 5B) Heliospheric investigations using the Moon; and 7K) Understand lunar dust
behaviour.

Relevant measurements from lunar orbit are expected to be conducted from the Lunar
Gateway. The planned scientific payload for this station includes electron and ion spectrom-
eters, as well as magnetometers and radiation dosimeters. Given its elliptic orbit around the
Moon, the payload on the Lunar Gateway can be expected to detect lunar ions from the
exosphere and surface.
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Missions from other agencies include Chandrayaan 2 (ISRO), which recently refined the
composition of the surface, making first distributions of global sodium on the surface avail-
able (Narendranath et al. 2022), KPLO launched in August 2022 for characterization of the
moon topography and magnetism. SELENE (KAGUYA), JAXA mission, obtained impor-
tant results for the lunar environment characterization (i.e. Nagaoka et al. 2021; Yokota et al.
2020). Some major results are the identification of the reflected ions after solar wind impact
onto the Moon surface (Saito et al. 2010) and the study of the interaction of plasma sheet
electrons with lunar surface identified as an empty region in the electron distributions func-
tion, that was consistent with the presence of a relatively strong electric field (∼10 mV/m)
around the Moon when it is in the Earth’s plasma sheet (Harada et al. 2010). Ion acceleration
by the spacecraft potential and the electron beam accelerated by the potential difference be-
tween lunar surface and spacecraft were observed simultaneously when SELENE was in the
Earth’s magnetotail (Saito et al. 2014). These observation enable a possible way to derive
the night side lunar surface potential and spacecraft potential from the observed data (Saito
et al. 2014).

After the successful SELENE mission, JAXA and ISRO plan an international collabora-
tive mission, Lunar Polar Exploration Mission (LUPEX) (https://www.exploration.jaxa.jp/
e/program/lunarpolar/), to obtain the data on the quantity and forms of the water resources
present on the Moon, to determine the feasibility of utilizing such resources for sustainable
space exploration activities in the future. An Exospheric Mass Spectrometer is included in
the payload.

Finally, also the Chinese space administration (CNSA) has an extensive lunar exploration
program (https://www.cnsa.gov.cn/english/index.html). Chang’e-5 mission successfully re-
turned lunar near-side samples. Future program includes the Chang’e-6, Chang’e-7, and
Chang’e-8 missions. Chang’e-6 is poised to collect samples from the far side of the moon,
marking a mission that will be the first of its kind in human history. Chang’e-7 mission will
land on the lunar south pole and search for water. The final goal is to establish a scientific
research station at the moon’s south polar region.

This conjunction of so many important missions offers the opportunity to have unprece-
dented measurements of the exospheres of airless bodies, well represented by Moon and
Mercury, together with the observation of the external conditions, so that, detailed investiga-
tions of the active mechanisms responsible for planet interactions with the Sun or generally
with the interplanetary medium will be possible.

Improvements in ground-based observation technologies will provide a new global view
of the planets at high spatial and temporal resolution to be coupled with the space observa-
tions.

The development of laboratory experiments and theoretical models and simulations re-
lated to the exosphere generation mechanisms is required for the interpretation of the ex-
pected new space data. From this point of view, fundamental new results are being achieved
also thanks to the availability of powerful new computing resources. The expected outstand-
ing results from the near future will play a crucial role in the investigation of the solar system
evolution and of other planetary systems conditions.

For a better understanding of the evolution of the Sun-Earth-Moon system, a detailed
investigation of the lunar exosphere, in addition to samples from the far- and near-side of
the lunar surface, are of great importance. The evolutionary record of the Earth’s atmo-
sphere (e.g., Ozima et al. 2005; Terada et al. 2017; Wei et al. 2020; Lammer et al. 2022),
along with traces of the young solar wind (e.g., Hodges and Hoffman 1975; Wieler et al.
1996; Marty et al. 2003) might be stored to some extent within the lunar regolith through
implanted particles. During the Hadean and Archean eons, the Earth’s upper atmosphere is

https://www.exploration.jaxa.jp/e/program/lunarpolar/
https://www.exploration.jaxa.jp/e/program/lunarpolar/
https://www.cnsa.gov.cn/english/index.html
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Fig. 12 The fraction of returning exospheric particles of the twelve most abundant species together with
uranium that return to the Lunar surface as a function of time (Lammer et al. 2022)

thought to have been hotter and more extended than at present due to the absorption of the
higher XUV flux of the young Sun (e.g., Lammer et al. 2018; Johnstone et al. 2021) indicat-
ing that atmospheric losses, i.e., the so-called ‘Earth-wind’, might have been significantly
higher (Kislyakova et al. 2020). These escaping ions from Earth’s upper atmosphere were
implanted into the regolith and their isotopic signatures can be measured through sampling
the surface of the Moon. One can expect that these implanted particles/isotopes (N, He, Ne,
Xe and Ar, etc.) will not only cause strong variations of up to 30% in the lunar regolith (Oz-
ima et al. 2005) but these enhancements of exogenic regolith implantations should also be
observed in the exosphere when they are released from the surface by various processes, as
discussed in Wurz et al. (2022). As expected by Lammer et al. (2018) and Wei et al. (2020),
the escape of charged particles from the Earth’s atmosphere should show a recognizable
enrichment of, e.g., 15N isotopes at affected areas at the nearside and farside of the lunar
regolith and hence in the exosphere above these areas.

Moreover, the contribution to the lunar exosphere by micro-meteoroid bombardment was
over 1000 times more relevant during early times than the contribution by sputtering (Lam-
mer et al. 2022) while today micro-meteoroids and solar-wind ions chemically alter the lunar
surface more or less in similar ways (see, e.g., Killen et al. 2012).

Additionally, to the enhanced micro-meteoroid bombardment, one can see in Fig. 12 that
different return rates of various exospheric species lead to a chemical fractionation of the
lunar surface over time. Due to the differing return rates of various exospheric elements, one
can expect that the chemical composition of the present lunar surface does thus not reflect
the surface composition after the Moons’ origin. Due to a much higher solar XUV flux, the
return rates were lower billions of years ago as compared with today. From the 13 species
shown in Fig. 12, uranium continuously exhibits the highest return rate due to its high mass
and low ionization rate, while Al continuously exhibits the lowest return rate due to its high
ionization rate and lower mass. Over time, this leads to an enrichment of uranium and a
depletion of aluminium in the Lunar surface material. In a similar way, the lower return
rate of K compared to U has thus led to a decrease in the lunar K/U ratio over time and
might also contribute to the explanations of the low K/U ratio in the lunar surface material
observed today. Thus, a detailed study of the lunar exosphere and the relevant sources and
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sinks of its elements together with surface samples in the future that are collected from a
large variety of different areas, can shed further light onto the evolution of the Earth-Moon
system including early Earth’s atmosphere and magnetosphere, the early solar wind and even
the impact history of the inner Solar System. Finally, more and better data on the isotope
abundances of the Moon itself of its volatile content and its related exosphere can help to
separate the different lunar origin hypotheses that are discussed in Lammer et al. (2022).

Better understanding the origin of the innermost airless body in the Solar System, Mer-
cury, is one of the greatest riddles in planetary sciences. This is specifically true since Mes-
senger discovered that the mantle of Mercury is surprisingly volatile rich (e.g., Peplowski
et al. 2011), a scientific finding that contradicted most of its previously established formation
hypothesis.

The BepiColombo mission will provide unprecedented comprehensive measurements of
the exosphere of Mercury. Its payload includes a mass spectrometer, an UV-Vis spectrom-
eter, and a Na imager. The in-situ measurements of atomic and molecular exospheric den-
sities on the day and night side, the column densities of different species and the spatial
distribution of Na disk as well as the tail will be available at the same time (Milillo et al.
2020). The detailed investigation of its surface composition and magnetic field by Bepi-
Colombo will help to form a clearer picture on Mercury’s origin, evolution, and internal
structure. These expected findings together with the discovery and investigation of so-called
“Exo-Mercuries” and their statistical properties in other stellar systems by present and future
ground- and space-based instrumentation such as the European Extremely Large Telescope
(E-ELT), the Giant Magellan Telescope (GMT), JWST, and Ariel will tell us about their
frequency and to distinguish the different formation pathways between ultra-close-in orbit-
ing planets with silicate atmospheres and/or a stripped mantle, and planets on Mercury-like
orbital distances.
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