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Abstract

In celestial bodies with tenuous collisionless atmospheres, such as Mercury, the spatial distribution of the exosphere
is expected to reflect the surface composition. In this study, we discuss whether the distributions of Mg, Ca, and Na,
the primary exospheric components of Mercury, have a local exosphere-surface correlation by analyzing the observa-
tion data of the Mercury Atmospheric and Surface Composition Spectrometer (MASCS) and X-ray spectrometer (XRS)
onboard the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft. It was found
that Mg has a strong local exosphere-surface correlation and Ca has a weak correlation. The Monte Carlo simula-
tions of trajectories in the exosphere show that the weak correlation of Ca is due to the relatively large solar radiation
acceleration. In addition, Na production rate in high-temperature regions is longitudinally dependent. This can be
explained by considering that the weakly physisorbed Na layer on the surface is depleted under high temperature
and that the distribution of strongly chemisorbed Na atoms is reflected in the exosphere. Based on these results,

the conditions for components with a correlation in celestial bodies with thin atmospheres may include low volatility
and low solar radiation acceleration.
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Introduction
Many celestial bodies in our solar system, such as Mer-
cury, most moons, comets, and asteroids, have thin and
collisionless atmospheres called exospheres. Most of
these atmospheres are directly supplied from the sur-
face through several processes, such as thermal des-
orption, photo-stimulated desorption (PSD), charged
particle sputtering (CPS), and micro-meteoroid impact
vaporization (MIV). The spatial structure of thin atmos-
pheres strongly depends on their surface composition
and energy distribution when released. Because the sur-
face distribution of some components corresponds to
resurfacing histories caused by volcanic activities, it is
expected that the structure of the exospheres can be
directly linked to them. The amount of potassium (K) in
the exosphere on the Moon has been reported to increase
over the potassium, rare-earth elements, and phospho-
rous (KREEP) regions (Colaprete et al. 2016; Rosborough
et al. 2019). The surface composition distribution and
volcanic histories of some planets with thin atmospheres
can be estimated using remote atmospheric observations.
Magnesium (Mg) in the exosphere is thought to be
ejected from the surface mainly through MIV, because
observations by the Mercury Atmospheric and Surface
Composition Spectrometer (MASCS; McClintock and
Lankton 2007) onboard the MErcury Surface, Space
ENvironment, GEochemistry, and Ranging (MESSEN-
GER) spacecraft show that the Mg exosphere consists of
high-energy atoms and has strong dawn-dusk asymmetry

(Merkel et al. 2017). The surface Mg density distribu-
tion was obtained using the X-ray spectrometer (XRS;
Schlemm 1II et al., 2007) onboard MESSENGER. XRS
revealed that Mg concentrates on the terrain between
—120°E and —80°E in the Northern Hemisphere (Weider
et al. 2015). Merkel et al. (2018) compared MASCS data
with XRS data and carefully removed the dependency on
true anomaly angle (TAA) and local time. They indicated
that the enhanced production rate of the Mg exosphere
can be seen above this high-Mg region. This is an inter-
esting example of the local exosphere—surface correlation
on Mercury identified from observations.

In addition, calcium (Ca) is also mainly ejected through
MIV (Burger et al. 2014). Killen and Hahn (2015) and
Christou et al. (2015) suggested that the impact of comet
dust streams also contributes to the ejection of Ca exo-
sphere during some seasons. The surface Ca distribution
is known to be similar to that of Mg based on the obser-
vations by XRS (Weider et al. 2015; Nittler et al. 2020).
Ca is qualitatively expected to have an exosphere—surface
correlation along with Mg, because both Ca and Mg are
refractory components and are mainly ejected by MIV.
However, an exosphere—surface correlation on Ca has
not been discussed yet.

The sodium (Na) exosphere is now divided into two
components: a lower-energy component ejected through
PSD and a higher-energy component ejected through
MIV or CPS (Cassidy et al. 2015). The seasonal vari-
ability of the Na exosphere has been discussed in several
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model studies, such as Mura et al. (2009) and Leblanc
and Johnson (2010). Although no thermal components
have been detected in the exosphere, surface Na in high-
temperature regions has been said to be depleted owing
to thermal desorption. This is supported by the fact that
the amount of the exospheric Na at lower altitude does
not reach maximum at perihelion (Cassidy et al. 2015).
Cassidy et al. (2016) found that the amount of exospheric
sodium was enhanced at specific “cold-pole” longitudes
(around +90°E) throughout the Mercury year. They
attributed this phenomenon to the fact that the maxi-
mum temperature at these longitudes is the lowest on
Mercury owing to the spin—orbit resonance. In contrast,
Suzuki et al. (2020) suggested that additional Na ejec-
tion and supply of Na by dust streams’ impact on these
regions is also important for the enhancement, and Sar-
antos and Tsavachidis (2020) indicated that diffusion
into the regolith also controls the amount of desorp-
tion. Besides, Killen et al. (2022) showed that Na ejected
through CPS may be more energetic and contribute more
to escape than conventional understanding. The cause of
the seasonal variability of the Na exosphere remains as a
big problem. If the surface Na distribution is highly tem-
perature-dependent, the distribution of exospheric Na
may not directly reflect volcanic histories.

In this study, we verified whether Mg, Ca, and Na on
Mercury actually exhibited local surface—exosphere cor-
relations using observational data from the MASCS and
XRS onboard MESSENGER to understand the relation-
ship between the distribution of the exosphere and that
of the surface composition of celestial bodies with thin
atmospheres. For Mg, our analysis is not significantly dif-
ferent from Merkel et al. (2018) and its main purpose is
as a reference for confirming our methods.

Observations by MASCS/UVVS and XRS onboard
messenger

The MESSENGER spacecraft, launched in 2004, orbited
Mercury from 2011 to 2015 for approximately 17 Mer-
cury years. In this study, we used the Ultraviolet and Visi-
ble Spectrometer (UVVS) channel of MASCS to estimate
production rates of exospheric atoms, as well as XRS for
the calculation of surface abundance.

UVVS channel of MASCS

MASCS consists of two channels: UVVS and the Vis-
ible and Infrared Spectrometer (VIRS). UVVS, a grating
monochromator, scans narrow wavelength ranges around
resonance-scattering emission lines of several atoms.
Mg, Ca, and Na spectral scans cover 283.4—287.2 nm,
421.1-424.4 nm, and 587.7-591.1 nm with 0.2 nm step
size, which include Mgl (285.2 nm), Cal (422.7 nm),
and Nal D1 (589.8 nm) and D2 (589.1 nm), respectively.
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Owing to the northward line-of-sight integration, day-
side limbscans provide an altitude profile at low latitudes
(see Figure 2 of Cassidy et al. 2015). They are sensitive
to the dependence of the emissions on longitude (local
time) and altitude. MASCS detected Mg for the first time
(McClintock et al. 2009), and clarified the spatial distri-
bution and seasonal variability of Mg (Merkel et al. 2017),
Ca (Burger et al. 2014), and Na (Cassidy et al. 2015; 2016).

XRS

XRS consists of three planet-facing gas-proportional
counter (GPC) detectors and a sun-pointing Si-PIN
detector within the Solar Assembly for X-rays (SAX).
XRS measured the surface (shallower than~100 pm)
abundances of rock-forming elements via planetary X-ray
fluorescence. The measured elements can be distin-
guished based on the energy of incident X-rays and the
capabilities of the instrument detectors. The four detec-
tors of XRS cover an energy range of 1-10 keV. 1.25 keV
and 3.69 keV Ka lines were observed for Mg and Ca,
respectively. Abundance ratio maps of Mg, Ca, Al, S, and
Fe to Si were constructed, which clarified the existence
of a large Mg-concentrated terrain between 240°E and
320°E longitude in the Northern Hemisphere (Weider
et al. 2015). As Ca fluorescence is observable only dur-
ing solar flares, spatial coverage of the Ca surface abun-
dance is still incomplete. However, it can be seen that Ca
enhances around the high-Mg region in the Northern
Hemisphere (Nittler et al. 2020).

Analysis

First, we deduced production rates of the exospheric
components from the altitude profiles obtained by
MASCS. All the dayside limb scan data from 2011 to
2015 were used for the analysis. The column density of
exospheric atoms along the line of sight of the spacecraft
is approximated by the Chamberlain model (Chamber-
lain 1963), as follows:

N(z) = 2KH¢ng exp[%} (1)

where z, no, kg, and T are tangential altitude, near-surface
density, Boltzmann constant, and temperature, respec-
tively. 2K is the ratio of the apparent column density
along the line of sight of the spacecraft to the vertical col-
umn density, which is approximated by

27 (Ryge
2K ~ ) E et 2)

H, similar to scale height, is defined by the following
equation:
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2
kT (Ryre+2) (3)

H(Z) = GMpteMatom

where G, MMe, Matom, RMe are constant of gravitation,
the mass of Mercury, the mass of atoms, and the radius
of Mercury, respectively. U and Uy are the potentials of
the particles at altitude z and at the surface, respectively,
expressed by the following equations:

U(z) = — SieMaton 4 M y,,ubosZ (Ruge +2), U = U(z = 0)
(4)

where b and cosZ are the solar radiation acceleration,
and the cosine of the solar zenith angle, respectively.
Although the second term on solar radiation accelera-
tion was ignored in Merkel et al. (2017, 2018), which dis-
cussed Mg production rates, we considered it for the sake
of generality. In Equation (1), is the partition function
calculated as follows:
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distribution against the sun. The production rate S is esti-
mated from the product of the near-surface density and
first-order moment of velocity distribution function:

S = nofgovzdvfgzo%dcos@fﬁ”d@’(l}, T)v
__np 2kgT (9)

-2 7T Matom

f (v, T)in the equation is the Maxwellian distribution.
We used the Levenberg—Marquardt method to esti-
mate the near-surface density ny and temperature T
from the altitude profile by fitting with the model profile
(Fig. 1). For Mg and Ca, because some data showed an
unknown sharp increase in brightness at low altitudes
(gray-hatched in the figure), possibly owing to uncor-
rected scattering from the bright surface, we only used
data above 500 km for fitting (Fig. 1a, b). For Na, because
it is difficult to precisely evaluate the production rate of

(= % + %erf(\/z) - \/ge’)' - @e*‘/’ (1 + erf(ﬂ)) + \/@e*z (5)

where 4, /o are the escape parameters at altitude z and at
the surface defined as

) GMpeMatom — —
Mz) = M?m’ o =AMz =0) (6)
and v is defined as
oY)
V@ = G (7)

The Chamberlain model does not consider photoioni-
zation. However, photoionization is not effective within
the field of view of MASCS (< 10* km), because typical
flight scales (the product of the photoionization lifetime
and the thermal velocity) of Mg, Ca, and Na at a helio-
centric distance of 0.4 au are, respectively, about 10%° km,
10*° km, and 10° km.

The apparent column density N(z) in cm~? is derived
from the observed radiance 47/ in Rayleigh from the fol-
lowing conversion formula:

4rl

N =10°%1 (8)
where g is the probability of solar photon scattering
(known as the g-factor). In calculation of g-factor, the
values of oscillation strength and solar flux are taken
from the National Institutes of Standards and Technol-
ogy Atomic Spectra Database Lines Form and the LASP
Interactive Solar Irradiance Datacenter (LISIRD), respec-
tively. The g-factor is assumed to be uniform for a single
TAA assuming that atoms are at rest with respect to Mer-
cury, although it has a standard deviation that is less than
approximately 30% owing to the atoms’ radial velocity

higher-energy components owing to the low signal-to-
noise ratio of the data or to the limitation of the adopted
physical model as pointed out by Cassidy et al. (2015),
we used only the production rate of the lower-energy
component, which was likely ejected through the PSD
(Fig. 1c). Near-surface density, temperature, and pro-
duction rate of Mg, and temperature of Na obtained in
our analysis was consistent with Figure 8 of Merkel et al.
(2017) and Figure 8 of Cassidy et al. (2015), respectively.
The results for Ca cannot be compared directly with
Burger et al. (2014), since they used not the analytical
Chamberlain model but a simple numerical model. How-
ever, we confirmed that the order of temperature and
production rate is consistent with their Fig. 6. To remove
the effect of seasonal variability and local time depend-
ence, the production rate at each point was divided by
the production rate at the antipodal points at the same
TAA, the same local time, and the different Mercury
years. Then, we defined a “relative production parameter”
Yexos at the tangential point longitude of ¢, TAA of o, and
local time of / as follows to remove the dependency on
TAA and local time:

S(p,0,h) ) (10)

Zexos (P, o, h) = logy, (m

A certain longitude comes to the same local time
every other Mercury year because of Mercury’s 3:2
spin—orbit resonance. Thus, the data of S(¢,«, /) and
S(¢p +m,a,h) are obtained from successive Mercury
years. When calculating Xexos, we averaged the pro-
duction rate S obtained from the data for each local
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Fig. 1 Fitting to the altitude profile of Mg (a), Ca (b), and Na (c). For Mg and Ca, fitting was performed while ignoring the observations
with a tangential altitude lower than 500 km (the gray region). The Na profile was fitted assuming two components: a lower-energy component
and a higher-energy component following Cassidy et al. (2015), and only the production rate of the lower-energy component derived from PSD

was used. The Levenberg—Marquardt method was used for fitting

time of 2 h and TAA of 4°. Because the seasonal vari-
ation and local time dependence are offset by the cal-
culation shown in Eq. (10), Xexos(¢, ¢, &) is expected to
strongly depend on the ratio of surface abundance. Note
that Texos(¢, @, 1) > 0 means S(¢, o, ) > S(p + m,, h),
and Texos(P, &, 1) = —Zexos(¢ + 7,2, ). For Mg and
Ca, Pearson product-moment correlation coefficient
between Xexos(¢) and the surface Mg and Ca abun-
dance ratio defined as X, = log;, (0 (¢)/0 (¢ + 7)), is
calculated, where o is the surface density of Mg and Ca
around the equator. We used surface Mg and Ca data
attached to Nittler et al. (2020). Weighted average and
circular moving average whose diameter is 5° were cal-
culated (Fig. 2) as was described in detail in Nittler et al.
(2020). Only data at the equator were used in this study.
The surface Na density in the Northern Hemisphere was

presumed by Peplowski et al. (2014) based on observa-
tions by the Gamma-Ray Spectrometer (GRS) onboard
MESSENGER. However, the production rate distribu-
tion of the Na exosphere cannot be compared to the
surface Na abundance map, because the exosphere data
concentrated around the equator do not spread in the
latitude direction and the surface data, on the other
hand, have little information in the longitudinal direc-
tion. Therefore, we continue discussing as much as pos-
sible only using exospheric data for the Na case.

Results and discussion

Mg

In Fig. 3a, the relative production parameters of Mg
(colored dots) and the surface Mg abundance ratio at the
equator (black solid line) as a function of longitude are

(@) Mg/Si (b) Ca/Si
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Fig. 2 Surface density distribution of Mg (a) and Ca (b) deduced from the observations by MESSENGER/XRS. Color scales in (a) and (b) represent
Mg/Si and Ca/Si abundance ratios, respectively
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plotted. The second half of the figure is the exact mirror
of the first one. The value of error is calculated through
the propagation of error of fitting parameters, n, and T
in Eq. (1). In all the analyses below, including those of
Ca and Na, we have systematically removed noisy data
with relative error of S(¢)/S(¢ + w) greater than 10%.
The correlation coefficient between the production rate
ratio and surface abundance ratio was r=0.70£0.17, with
a 95% confidence interval of 0.65<r<0.76. The amount
of data used in this study was higher than that used in a
previous study (Merkel et al. 2018), which only used local
time 06 h data. In addition, calculating the surface Mg
abundance ratio in the same way as the production rate
of the Mg exosphere enabled statistical tests using the
correlation coefficient, which clarified the exosphere—
surface correlation for Mg on Mercury. Carefully looking
at Fig. 3a, the trend of production rate and that of surface
abundance apparently disagree at local time 10 h. Pro-
duction rate due to MIV is smaller at local time 10 h than
at local time 06 and 08 h. Since Mg ejected at local time
06 and 08 is included in the exosphere at local time 10 h
due to diffusion, the effect of the enhancement of surface
Mg abundance around —100 °E is probably appeared also
in the exosphere at local time 10 h.

Ca

The relative production parameters of Ca (colored dots)
and the surface Ca abundance ratio at the equator (solid
black line) as a function of longitude are plotted in Fig. 3b.
The correlation coefficient between the production rate
ratio and surface abundance ratio was r=0.22 + 0.14, with
a 95% confidence interval of 0.12<r<0.32. This result
indicates that the local exosphere—surface correlation of
Ca is weaker than that of Mg.

The difference between these results is attributed to the
difference of their g-factor. Because solar flux at emission
wavelength of Ca (422.7 nm) is approximately ten times
larger than that of Mg (285.2 nm), g-factor of Ca is also
much larger than that of Mg. Consequently, Ca experi-
ences more solar radiation acceleration and is more likely
to flow in the tailward direction. To confirm this differ-
ence between the two components, we performed three-
dimensional Monte Carlo simulations of the trajectories
of Mg and Ca atoms in the exosphere. In this model,
10,000 atoms of Mg or Ca are simultaneously ejected
only once from —100°E (red arrow in Fig. 4), where Mg
and Ca are concentrated.

Ejected atoms move due to the gravity of Mercury and
of the sun, and solar radiation pressure. The g-factor is
set as a function of the radial velocity with respect to
the sun. We assume that Mercury is at the perihelion,
or TAA=0°. Figure 4 shows the line-of-sight column
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density of Mg and Ca atoms in 60 min after ejection,
seen from the south as MASCS also observed from the
south (see Figure 2 of Cassidy et al. 2015). Note that
these results do not match observations, since atoms
were ejected only once and only from the single point.
Because the source of Ca has not yet been identified, our
calculation used several energies in the range of 3,000 K
to 40,000 K. However, the qualitative results were the
same as those in Fig. 4, which shows the case of 20,000 K.
These results show that information on the distribution
of surface Ca is moved tailward by solar radiation. This
makes the exosphere—surface correlation computation-
ally lower, because our method using the Chamberlain
model ignores horizontal transport when estimating the
production rate.

Na

The relative production parameter of Na (colored dots) as
a function of longitude is shown in Fig. 3c. Because Na
has a larger amount of data with higher S/N ratio thanks
to its brightness, we will discuss using, exclusively, the
data with relative error of S(¢)/S(¢ + 7) less than 5%
instead of 10% (Fig. 5a). The relative production param-
eter Yexos is close to 0 at most longitudes, but we can see
Texos > 0 in the region from —45°E to 0°E (red box in
Fig. 5a). Note again that Eexos(¢) > 0 means that the pro-
duction rate at the longitude of ¢ (e.g., —45°E) is larger
than that at the opposite side whose longitude is ¢ =7
(e.g., 135°E). The region from —45°E to 0°E has an espe-
cially high maximum temperature of 650 K at the perihe-
lion. Extracting regions whose surface temperature when
the data were collected was high (> 550 K), we found that
Texos > 0 in the region from —45°E to 45°E (red box in
Fig. 5b), which also means that Xexos < 0 in the region
from 135°E to —135°E.

The cause of Xexos > 0 in the region from —45°E to
45°E can be explained well by assuming two forms of Na
binding to the surface: physisorption and chemisorption.
Similar ideas have often been assumed in Na exosphere
models, such as proposed by Leblanc and Johnson (2010).
Most of the physisorbed components are composed of
Na atoms that re-impacted the surface. Because they are
easily ejected through thermal desorption as their bind-
ing energy is less than 2.0 eV, the spatial distribution of
the exospheric production rates mainly corresponds
to the surface temperature. In contrast, the binding
energy of chemisorbed Na atoms ranges from 2.6 eV on
sodium orthosilicate to 7.9 eV on albite (Morrissey et al.
2022), which implies that chemisorbed Na is distributed
depending not only on surface temperature but also on
mineral compositions.

A possible scenario is as follows (Fig. 6): when
the surface temperature is intermediate (lower than
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approximately 500 K), the thermal accommodation layer,
which is composed of physisorbed atoms, is not depleted
and most of the produced Na exosphere is derived from
the physisorbed component. Therefore, the production
rate of the exosphere depends mainly on the surface tem-
perature and UV flux. However, in the high-temperature
region above 550 K, such as around 0°E (Fig. 7; based on
Killen et al. 2004), physisorbed Na atoms are depleted

by thermal desorption, and most of the ejected Na is
occupied by chemisorbed atoms. Thus, the production
rate of the exosphere begins to depend on geochemi-
cal features; that is, an exosphere—surface correlation
appears in the high-temperature regions from —45°E to
45°E (and from 135°E to —135°E). Parameters related to
thermal desorption, such as binding energy and oscilla-
tion frequency, have not been determined well: Hunten
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and Sprague (2002) adopted 1.4 eV and 10'® Hz, Leblanc
and Johnson (2010) used a Gaussian distribution between
1.4 and 2.7 eV with a most probable value of 1.85 eV and
10°-10'! Hz, Suzuki et al., (2020) assumed 1.85 eV and
10'® Hz (Fig. 8), and Sarantos and Tsavachidis (2020)
demonstrated that diffusion makes the energy barrier of
the desorption higher. It typically takes approximately
10 min for the thermally desorbed atoms to re-impact the
surface estimating from thermal velocity and gravity. For
example, if the binding energy is less than 1.85 eV and
oscillation frequency is larger than 10'* Hz, the desorp-
tion rate per 10 min reaches nearly 100% in regions with
temperatures above 550 K, which is consistent with our
results. Note that the regions with larger production rates
do not always correspond to surface composition anom-
alies, because the solar radiation acceleration of Na is
even larger than that of Ca. In addition, the composition

anomaly of the chemisorbed component does not always
reflect the volcanic history of Mercury, as it also gradu-
ally varies through repeated thermal desorption. We will
revisit these points again after observing the surface Na
abundance distribution with BepiColombo.

Implication for other components

From the discussion above, low volatility and low solar
radiation acceleration are important factors for the local
exosphere—surface correlation. The solar radiation accel-
eration and photoionization lifetimes of some compo-
nents of Mercury’s exosphere are listed in Table 1. The
solar radiation acceleration of the atoms was calculated
using the following equation:

1 h

Matom ; Ai

b=

g (11)

L
where matom, 1, 4i, and g; are the mass of atoms, Planck
constant, wavelength of each emission line, and g-factor,
respectively. The g-factor at rest and at 1 au was calcu-
lated using values from Killen et al. (2009).

In addition, a long photoionization lifetime may be
important, although this was not observed in this study.
For reference, the photoionization lifetimes derived from
Fulle et al. (2007) are shown in Table 1. Atoms with short
photoionization lifetimes, such as aluminum, undergo
photoionization and reneutralization in a short time.
The distribution of exospheric atoms drastically changes
during ionization due to the electromagnetic field, which
weakens the exosphere—surface correlation. The same
analysis as that in this study is required for species with
short photoionization lifetimes.

Considering the constants in Table 1, oxygen and sul-
fur, with small solar radiation acceleration, are expected
to have an exosphere—surface correlation on Mercury.
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and Suzuki et al,, (2020), respectively. The blue line uses parameters assumed as the most probable values by Leblanc and Johnson (2010). Each line

represents the proportion of thermally desorbed Na from the surface

Table 1 Solar radiation acceleration
lifetime of each atom at 1 au

and photoionization

Component Solar radiation
acceleration at 1 au

Photoionization Exosphere-
lifetime @1 au (s) surface

(ms™) correlation
on mercury
Na 25%107 19%10° Weak?
K 2.1x10™ 43%x10* Weak?
Mg 19%1073 2.1%10° Strong
Ca 13%x107 14x10* Weak
0 25x107° 20x10° Strong?
S 44%x10° 42x10° Strong?

Because Na and K have larger solar radiation accel-
eration, a weak exosphere—surface correlation will be
observed for Mercury. However, it has been reported
that the amount of Na in the lunar exosphere increases
above the low-albedo regions (Colaprete et al. 2016)
and that of K is enhanced above the KREEP regions
(Rosborough et al. 2019). As can be seen from this
example, most atoms may have correlation in cooler
celestial bodies far from the central star as atoms are
hard to volatilize and their solar radiation acceleration
is smaller. For exoplanets orbiting stars of different stel-
lar types, atomic species exhibiting exosphere—surface
correlation may differ, because their magnitudes of stel-
lar radiation acceleration change.

Conclusion

In celestial bodies with thin atmospheres, atoms are sup-
plied from the surface to the exosphere owing to the
effects of the space environment, such as heating, UV
radiation, and the impact of micrometeoroids. Thus, the
spatial distributions of some components in the exo-
sphere are expected to reflect the distribution of each
component on the surface, as well as geological features,
such as craters and volcanic terrains. In this study, we
verified the existence of a local exosphere—surface cor-
relation on Mercury using observations by MASCS and
XRS onboard MESSENGER. As a result, we verified
that Mg has a strong correlation, as shown by Merkel
et al. (2018), and clarified that Ca has a weak correlation.
Based on simple Monte Carlo simulations, we attributed
this weak correlation of Ca to effective tailward transpor-
tation by solar radiation acceleration. Although Na atoms
are easily desorbed thermally, it is possible that a corre-
lation appears in the high-temperature region owing to
the rapid depletion of the physisorbed Na layer on the
surface. Based on these results, we consider that volatility
and solar radiation acceleration control the correlation.
S and O may also have an exosphere—surface correlation
on Mercury, and it is expected that this correlation will
be found in various components on cooler celestial bod-
ies, such as Europa and Ganymede.

The presence or absence of correlation is a very inter-
esting and useful issue, but there has not been enough
observational data to discuss this. We hope that obser-
vations by the BepiColombo mission (Milillo et al. 2020;
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Murakami et al. 2020), launched in 2018 and orbiting
Mercury from 2025, will allow us to discuss this issue in
more detail. This will provide us with insights into the
latitudinal direction—we could only discuss the distri-
bution in the longitudinal direction in this study. The
MSASI (Yoshikawa et al. 2010) onboard the Mio space-
craft provides a detailed structure of the Na exosphere.
PHEBUS (Quémerais et al. 2020) and SERENA (Orsini
et al. 2021) onboard the MPO spacecraft will clarify
the distribution of various components in the exo-
sphere, while MERTIS (Hiesinger et al. 2020), MGNS
(Mitrofanov et al. 2021), and MIXS (Bunce et al. 2020)
onboard the MPO will reveal a wide range of surface
material distributions on Mercury. Constraint on bind-
ing energy of atoms in surface minerals using numeri-
cal models is also necessary for further discussion of
exosphere—surface correlation as it affects energy of
ejected atoms and exospheric vertical density profile.

Abbreviations

CPS Charged particle sputtering
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