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Abstract

Mercury is valuable to us because we can see the interaction between the planet and its space environment. This research

aims to clarify how Mercury’s neutral Na exosphere was produced. Data from MESSENGER/MASCS and model calculations

that examine possible generation, transportation and dissipation processes will be compared. First, seasonal variability of the

amount of Na exosphere is analyzed for each local time (LT) using MASCS data. Previous research has shown that the amount

of Na above LT12 reaches its maximum at aphelion, and it is found that this maximum is recorded only at LT12. Following

this result, we construct 3-D Na exosphere model to understand the key seasonal variability processes occurring around LT12.

The numerical calculation produced results that are consistent with the MASCS observations regarding the vertical profile and

the seasonal variability at LT06 and LT18. However, the peak that occurs around aphelion at LT12 could not be reproduced.

Yet the model produced results suggesting that less than 10 kg particles of comet stream dust per Mercury year could be the

local and short-term source of Na.
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Key Points: 6 

 The seasonal variability of Mercury’s Na exosphere is investigated using observations by 7 

MESSENGER/MASCS and a 3-D Monte Carlo model. 8 

 Theoretical model that considers only four processes: TD, PSD, SWS, and MIV, does not 9 

reproduce the peak around aphelion at LT12. 10 

 The putative presence of comet dust streams could resolve this inconsistency. 11 

  12 
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Abstract 13 

Mercury is valuable to us because we can see the interaction between the planet and its space 14 

environment. This research aims to clarify how Mercury’s neutral Na exosphere was produced. 15 

Data from MESSENGER/MASCS and model calculations that examine possible generation, 16 

transportation and dissipation processes will be compared. First, seasonal variability of the 17 

amount of Na exosphere is analyzed for each local time (LT) using MASCS data. Previous 18 

research has shown that the amount of Na above LT12 reaches its maximum at aphelion, and it is 19 

found that this maximum is recorded only at LT12. Following this result, we construct 3-D Na 20 

exosphere model to understand the key seasonal variability processes occurring around LT12. 21 

The numerical calculation produced results that are consistent with the MASCS observations 22 

regarding the vertical profile and the seasonal variability at LT06 and LT18. However, the peak 23 

that occurs around aphelion at LT12 could not be reproduced. Yet the model produced results 24 

suggesting that less than 108 kg particles of comet stream dust per Mercury year could be the 25 

local and short-term source of Na. 26 

Plain Language Summary 27 

The seasonal variability of Mercury’s Na exosphere is investigated using optical observations by 28 

MESSENGER spacecraft and a 3-D Monte Carlo model. Analysis of observations shows that the 29 

amount of Na exosphere increases around aphelion at noon. Theoretical model that considers 30 

physical processes of outgassing and particle transportation does not reproduce this local and 31 

short-term increase. The putative presence of comet dust streams could resolve this 32 

inconsistency. 33 

1 Introduction 34 

The components of Mercury's exosphere except H and He are released from the surface 35 

by several desorption mechanisms under the influence of the surrounding space environment. 36 

These mechanisms are listed as Thermal Desorption (TD), Photo Stimulated Desorption (PSD), 37 

Charged Particle Sputtering (CPS) and Micrometeoroid Impact Vaporization (MIV). Because of 38 

the great eccentricity and inclination of its orbit, Mercury’s exospheric volume varies 39 

significantly following its orbital phases (True Anomaly Angle: TAA). Consequent to the 40 

extremely long mean free path in the exosphere, the spatial and energy distributions of desorbed 41 

atoms are directly observable in the exospheric structure. Based on these characteristics, Mercury 42 

is an important source of data where the effects of the space environment on it can be observed 43 

directly. 44 

Building an exospheric model is a powerful tool, especially for Mercury, which is 45 

difficult to observe frequently. In Leblanc and Johnson (2003, 2010), the seasonal variability of 46 

the global ejection rate from each desorption mechanism was evaluated. This was done by 47 

reproducing the ground observation results, and they determined that the dominant ejection 48 

mechanism differs depending on TAA. Mura et al. (2009) suggested that solar wind photon 49 

precipitation could be freeing sodium atoms from their crystalline structures (chemical 50 

sputtering) and making them more easily ejected by TD and PSD, by comparing the Schleicher 51 

et al. (2004) observations which show a dawn-dusk asymmetry and the maximum near the polar 52 

regions with north prevalence. Burger et al. (2010) and Wang and Ip (2011) established models 53 

and compared them with the data obtained by MESSENGER during its flybys. The former paper 54 

demonstrates that the PSD desorption rate is limited by the diffusion rate of Na from the interior 55 

of the regolith to the surface and that the precipitation of ions enhances diffusion rate at high 56 
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latitudes. The latter suggests that the binding energy is not strongly surface temperature-57 

dependent and should be close to zero. These models significantly improved our understanding 58 

of the dynamics of the Na exosphere of Mercury. However, the parameters used in these studies 59 

differ among models. Additionally, many models are based on ground observations or 60 

MESSENGER’s flyby-data, but few model studies have focused on the fine spatial structure 61 

found by MESSENGER’s orbiting observations. 62 

The only spacecraft that has orbited Mercury is NASA’s MESSENGER from 2004 to 63 

2015. The Mercury Atmospheric and Surface Composition Spectrometer (MASCS) onboard 64 

MESSENGER mainly observed the radiance of Na, Ca and Mg in the exosphere during the 65 

atmospheric mode (McClintock and Lankton, 2007). The UVVS channel of MASCS has 66 

provided almost daily observations of the exosphere. Its data reveal that Na in the exosphere 67 

below an altitude of 1,000 km is ejected mainly by PSD, although above 1,000 km the main Na 68 

ejection process is still unknown (Cassidy et al., 2015). The seasonal variability of the density of 69 

the Na exosphere was also estimated in the same study. As a result, the amount of Na above 70 

Local Time (LT) 12 was surprisingly high, even around aphelion. This peak was not anticipated 71 

by ground observations or qualitative predictions because Mercury’s dayside cannot be observed 72 

from Earth. In this paper, we discuss this surprising peak at aphelion using both MASCS data 73 

and numerical calculations using a Monte Carlo simulation. 74 

2 Na distribution deduced from the MASCS data 75 

We estimated the seasonal variability of 76 

Na emissions through analysis of the limb-scan 77 

data obtained by MASCS. We extract the data 78 

for which z-component of unit boresight vector 79 

is larger than 0.9, that is, the data of 80 

observations from south to true north (Fig. 1). 81 

Fig. 2(a) shows the seasonal variability of the 82 

Na exosphere at an altitude of 300 km above 83 

LT06, LT12 and LT18. Observables are 84 

equivalent to the line-of-sight integral of the 85 

radiation due to resonant scattering of Na, but 86 

we regard these integrated values as the 87 

radiation at the corresponding tangential altitude 88 

because it is believed that the amount of 89 

exosphere exponentially decreases as altitude 90 

increases (Chamberlain, 1963). The Na emission 91 

has its maximum at aphelion above LT12 as 92 

mentioned by Cassidy et al. (2015); however, it has a minimum above LT06 and LT18 also at 93 

aphelion. The observed radiance is the product of g-factor and column density. Then, by dividing 94 

the radiance by the g-factor, we obtain the seasonal variability of the Na column density, as 95 

shown in Fig. 2(b). Note that seasonal variations in radiance does not always reflect the 96 

variability of column density since g-factor also varies seasonally. For example, the peak around 97 

TAA 40° at LT12 in Fig. 2(a) is not seen in Fig. 2(b), which means this peak in radiance is the 98 

“apparent” one. It can be seen that the amount of Na has its maximum above LT12 and has a 99 

minimum above LT06 and LT18 around the aphelion. Though the trends of LT06 and LT18 are 100 

consistent with ground observations and qualitative prediction, which of LT12 is far from any 101 

Fig. 1. Geometry of MESSENGER 
MESSENGER orbits Mercury in a long north-south 

orbit with high eccentricity. The shortest distance 

between the boresight vector and the surface of 

Mercury is called tangential altitude. 
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former results of ground observations as also mentioned by Cassidy et al. (2015). Three possible 102 

reasons were suggested for this maximum at aphelion above LT12 by Cassidy et al. (2015, 103 

2016): (1) the supply of surface Na-un-depleted from the nightside to the dayside by rotation, (2) 104 

the expansion of the exosphere of the dayside thanks to the weakening of solar radiation 105 

pressure, (3) the accumulation of Na on the “cold-pole longitude.” Since the maximum of LT12 106 

would be caused by a combination of multiple factors, theoretical model that considers Na 107 

desorption and transport processes is required to verify hypotheses and identify the cause of 108 

seasonal variability of Na exosphere. 109 

3 Settings of numerical calculation 110 

To understand the key process dominating the seasonal variability of Na density, 111 

especially around LT12, we construct a 3-D Na exosphere model including desorption from the 112 

surface, transport due to gravity and solar radiation pressure, and loss due to re-impacting and 113 

photoionization. The initial surface density is set to be 1.5 × 1023 Na/km2 for the entire sphere 114 

with reference to Leblanc and Johnson (2003). The output is a value obtained by integrating the 115 

radiance in the line of sight when observed from the south. 116 

3.1 Desorption processes 117 

3.1.1 Thermal Desorption (TD) 118 

Since Mercury revolves near the Sun and one Mercury day equals 176 Earth days, there is 119 

a large temperature gap between day and night. Infrared radiometry by Mariner 10 found the 120 

nightside temperature to be 100 K (Chase et al., 1976). Conversely, the model calculations show 121 

that the dayside reaches 700 K near the sub-solar point at perihelion (Vilas, 1988). The surface 122 

temperature can be estimated from the following equation with reference to Killen et al. (2004): 123 

Fig. 2. The seasonal variability of Na exosphere deduced from MASCS data at various LTs 
(a) is illustrated by the radiance and (b) is illustrated by Na column density. Each symbol color 

represents Mercury year after orbit insertion of MESSENGER. 
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𝑇𝑠 = 𝑇0 + 𝑇1(cos𝜙 cos 𝜆)
1
4 (
0.306 au

𝑟0
)
2

#(1)  

𝜙, 𝜆, 𝑟0 are respectively, the latitude and longitude relative to the sub-solar point and the distance 124 

between the Sun and Mercury. 𝑇0 and 𝑇1 are 100 K and 600 K. As the surface temperature 125 

increases, atoms bound to the surface are released into the exosphere. The amount of released Na 126 

per surface unit per certain time (dt) is represented by following equation as a function of surface 127 

temperature: 128 

𝑅TD = [1 − {1 − exp (−
𝑈

kB𝑇𝑠
)}
𝜈 𝑑𝑡

] 𝜎Na#(2)  

kB is the Boltzmann constant and 𝜎Na is the surface density of Na. 𝜈 and 𝑈 are the vibration 129 

frequency and binding energy of the Na atoms, respectively. Hunten and Sprague (2002) adopted 130 

𝜈 = 1013Hz and 𝑈 = 1.4eV, whereas Leblanc and Johnson (2010) assumes that 𝜈 =131 

109 − 1011Hz and defines 𝑈 as a Gaussian distribution between 1.4 and 2.7 eV with a most 132 

probable value of 1.85 eV. In this model, we first set 𝜈 = 1013 Hz and 𝑈 = 1.85 eV. 𝑅TD/𝜎Na is 133 

shown in Fig. 3 as a function of temperature. This figure implies that efficiency of TD greatly 134 

depends on temperature and the assumed parameters. The energy of released particles follows a 135 

Maxwellian distribution: 136 

𝑓(𝐸, 𝜃) =
2𝐸

(kB𝑇)
2
exp (−

𝐸

kB𝑇
) cos 𝜃 #(3)  

𝐸 is the kinetic energy of particles and 𝜃 is the angle between normal vector to the surface and 137 

velocity vector. The surface temperature is shown as 𝑇. TD is expected to be enhanced around 138 

the perihelion and sub-solar point. The energy of released particles is too low to contribute 139 

directly to the structure of the exosphere. However, the migration of Na atoms through release 140 

and re-impact on the surface drastically varies the distribution of Na on the surface, with the 141 

result that TD controls the number of atoms released by other processes (e.g. Hunten and 142 

Sprague, 1997). 143 

Fig. 3. Temperature dependence of efficiency of TD 
Red line shows the settings of Hunten and Sprague (2002), blue one is that 

of Leblanc and Johnson (2010), and green one is that of this study. 
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3.1.2 Photo Stimulated Desorption (PSD) 144 

Mercury is always exposed to intense solar ultraviolet radiation. When electrons are 145 

excited by injected photons, they bond with Na+ ions on the surface, and neutral Na atoms are 146 

then ejected into the exosphere. The PSD ejection rate is estimated using the following equation: 147 

𝑅PSD = 𝐹UV𝑄PSD cos 𝑍 𝑐Na#(4)  

𝐹UV, 𝑍 and 𝑐Na respectively represent the UV flux (inverse proportion to the square of the 148 

distance from the Sun), the solar zenith angle and the fraction of Na atoms in regolith. Although 149 

𝐹UV varies according to solar activity, we fix 𝐹UV = 1.5 × 10
14/(𝑟0/au)

2 photon/cm2/sec at 150 

an average state. 𝑄PSD is the PSD cross-section, which is thought to depend on surface 151 

temperature (Yakshinskiy and Madey, 2004) and porosity (Cassidy and Johnson, 2005). 𝑄PSD is 152 

thought to be equal to 3 × 10−20cm2 in Yakshinskiy and Madey (1999) from experiment, is set 153 

to 1.4 × 10−21cm2 in Killen et al. (2004), and is assumed to be 2 × 10−20cm2 in this study as a 154 

best fit parameter to the MASCS data. The energy of ejected particles is often fitted by a 155 

Maxwellian distribution, the temperature of which is 1,500 K based on an experiment by 156 

Yakshinskiy and Madey (1999). The rate of ejection by PSD increases around perihelion and 157 

sub-solar point as well as TD if the depletion of Na bound to the surface is not considered. From 158 

the estimation of the exospheric temperature based on observations by MASCS, Na atoms below 159 

1,000 km altitude are thought to be ejected by PSD (Cassidy et al., 2015). Incident electrons can 160 

be an excitation source instead of UV (Electron Stimulated Desorption: ESD), but the flux of 161 

electrons is much smaller than that of UV. Therefore, ESD is ignored here. 162 

3.1.3 Charged Particle Sputtering (CPS) 163 

When ions impact the surface, atoms are emitted by momentum transfer. Ions are divided 164 

into two types: solar wind particles and those created by the ionization of neutral particles in the 165 

exosphere. The former case is called Solar Wind ion Sputtering (SWS) and the latter is called 166 

Magnetospheric Ion Sputtering (MIS). Since the flux of particles ionized in the exosphere is 167 

small (Delcourt et al., 2003), MIS is not examined in this study. The ejection rate by SWS was 168 

evaluated using the following equation: 169 

𝑅SWS = 𝐹SW𝑌SWS𝑐Na#(5)  

𝐹SW is the flux of the impacted solar wind particles, which can be estimated by the product of 170 

solar wind velocity 𝑣SW and density of solar wind particles 𝜌SW. We set 𝑣SW = 400 km/sec 171 

and 𝜌SW as equal to 10 ions/cm3 at 1au, which is assumed to be inversely proportional to the 172 

square of the distance from the Sun. 𝑌SWS is the number of particles ejected by the ion impact. 173 

Killen et al. (2001) adopted 𝑌SWS = 0.15, but this value decreases by a factor of approximately 174 

0.1 when considering porosity (e.g. Morgan and Killen, 1997). 𝑌SWS is routinely set as 0.06 in 175 

this study. 𝑐Na is the fraction of Na atoms in the ejecta. Incident ions reach at most 10 nm depth 176 

from the surface of grains (Starukhina and Shkuratov, 2000), with the result that ions are 177 

typically prevented from penetrating the grains’ interiors by the 50-100 nm thick grain rims 178 

(Noble et al., 2005). Therefore, 𝑐Na is not consistent with the fraction of Na atoms in the regolith 179 

(Killen et al., 2018). The Sigmund-Thomson distribution is usually used for the energy 180 

distribution of ejected atoms by SWS: 181 

𝑓(𝐸, 𝜃) =
4𝐸𝑈

(𝐸 + 𝑈)3
cos 𝜃 #(6)  
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The binding energy is 𝑈, being 0.27eV in Leblanc and Johnson (2003) and this study, but 2eV in 182 

Burger et al. (2010). The ejection rate is thought to be prominent in the cusp region. In this study, 183 

the cusp region is limited to the mid-latitude region on the dayside of both northern and southern 184 

hemispheres like Fig. 4 following Leblanc and Johnson (2003). Though this is quite a simple 185 

assumption, it is not expected to have an impact on results since this study focuses not on the 186 

short-term variation but the seasonal variation. 187 

3.1.4 Micrometeoroid Impact Vaporization (MIV) 188 

When micrometeoroids strike the surface of Mercury, the impact energy causes the 189 

surface materials to evaporate, with some refractory elements. The mass of impact-induced vapor 190 

cloud for a single impact of a meteoroid with mass of 𝑀i and velocity of 𝑉i is given as follows 191 

(Berezhnoy and Klumov, 2008): 192 

𝑀vapor(𝑀i, 𝑉i) = 𝑀i [2 {
4

𝑉i
√
𝑄𝜈
𝜈
 }

𝜈−2

− 1]#(7)  

𝑄𝜈, the evaporation heat of the target, is taken to be 1.3MJ/kg typical for silicates and modeling 193 

parameter 𝜈 is assumed to be 0.33 typical for continuous media. We estimate Na ejection rate by 194 

MIV using following equation: 195 

𝑅MIV = 𝑀vapor
̅̅ ̅̅ ̅̅ ̅̅ ̅(𝑅)𝑛𝑚𝑚(𝑅, 𝛽)𝑉0 cos 𝑍′ 𝑐Na/𝑚Na#(8)  

𝑀vapor
̅̅ ̅̅ ̅̅ ̅̅ ̅, 𝑉0, 𝑚Na, 𝑍

′ are, respectively, the mean mass ejected by a single impact, the orbital speed 196 

of Mercury, the mass of a Na atom and the angle between the orbital speed vector and the 197 

position vector of a point on the surface, both of whose origins are the center of Mercury. 𝑅 is 198 

the polar radial coordinate from the Sun. 𝑀vapor
̅̅ ̅̅ ̅̅ ̅̅ ̅ is turned out to be estimated by 𝑀vapor

̅̅ ̅̅ ̅̅ ̅̅ ̅ ≒ 7 ×199 

10−15(𝑅/1au) (kg/event) from numerical calculation with reference to Grotheer and Livi 200 

(2014). 𝑐Na is equal to the fraction of Na atoms in the regolith, unlike the case of 201 

SWS. 𝑛𝑚𝑚(𝑅, 𝛽) is the number density of micrometeoroids obtained from the following 202 

equation (Killen and Hahn, 2015) as a function of 𝑅 and latitude 𝛽: 203 

𝑛mm(𝑅, 𝛽) =∑𝑓𝑗𝑅
−𝜒𝑗∫

ℎ𝑗(𝑖) d𝑖

√sin2 𝑖 − sin2 𝛽

𝜋

𝛽𝑗

× 10−4(/m3)#(9)  

𝑖 is inclination and ℎ𝑗(𝑖) represents the inclination distribution of meteoroids: 204 

Fig. 4. SWS region in this study 
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ℎ𝑗(𝑖) =

{
 
 

 
 2

𝜋
sin 𝑖  𝑐𝑗 exp(−

𝑖2

2𝜎𝑗
2) 𝑗 = 1, 2

2

𝜋
sin 𝑖 𝑗 = 3

#(10)  

𝑗 = 1 corresponds to meteoroids from the Jupiter family comets and asteroids, 𝑗 = 2 is from 205 

Halley type comets and 𝑗 = 3 is from Oort cloud comets and interstellar dusts. 𝑓𝑗 is the fraction 206 

of meteoroids derived from each source 𝑓1 = 0.45, 𝑓2 = 0.50, 𝑓3 = 0.05. 𝜒𝑗 is a factor 207 

representing the dependency on the distance from the Sun: 𝜒1 = 1.00, 𝜒2 = 1.45, 𝜒3 = 2.00. 𝜎𝑗 208 

is the standard deviation of the distribution of meteoroids perpendicular to the dust disk: 209 

𝜎1 = 7°, 𝜎2 = 33°. 𝑐𝑗 is normalization constant: 𝑐1 = 10.3, 𝑐2 = 2.19. 𝜎𝑗 and 𝑐𝑗 are not defined 210 

for 𝑗 = 3 because Oort cloud comets and interstellar dusts can be considered to be isotopically 211 

distributed. Because the MIV ejection rate is believed to be much higher in the leading 212 

hemisphere than in the trailing hemisphere, we exclude the evening region’s MIV ejection. The 213 

energy distribution of atoms ejected by MIV is usually approximated by a Maxwellian 214 

distribution of 3,000-5,000 K following the laboratory experiment of Eichhorn (1978). This 215 

study uses 3,000 K for this purpose.  216 

3.2 Transportation processes 217 

Three forces govern the motion of atoms in the exosphere: solar gravity, Mercury’s 218 

gravity and solar radiation pressure. The equation of motion using cartesian coordinates centered 219 

on the Sun is written as follows: 220 

d𝒓𝟎
d𝑡

= −G
𝑀Sun

𝑟0
3 𝒓𝟎 − 𝐺

𝑀Me

𝑟1
3 𝒓𝟏 + 𝑏

𝒓𝟎
𝑟0
#(11)  

G,𝑀Sun, 𝑀Me are gravitational constant, the mass of the Sun and the mass of Mercury. 𝒓𝟎 and 𝒓𝟏 221 

are the position vectors of Na, as seen from the Sun and from Mercury. 𝑏 is solar radiation 222 

acceleration. 223 

3.3 Loss processes 224 

3.3.1 Escape from Mercury’s exosphere 225 

Owing to solar radiation pressure acceleration, atoms moving at less than escape velocity 226 

can escape from Mercury’s exosphere. The 6 panels in Fig. 5 show the trajectories of test 227 

particles with various initial velocity and solar radiation pressure. Test particles are ejected from 228 

the 1 LT interval in a direction normal to the surface at a certain velocity. The initial velocity of 229 

each particle is shown in each panel. From Fig. 5, we can see that even atoms with an initial 230 

velocity of 3.2 km/sec, which is lower than Mercury’s escape velocity (4.2 km/sec), can escape 231 

from Mercury’s gravitational sphere owing to radiation acceleration and centrifugal force. 232 

Conversely, even if the velocity at the time of release is 4.4 km/sec, some particles cannot escape 233 

and re-impact the surface, especially in the dawn region. 234 

 235 



manuscript submitted to replace this text with name of AGU journal 

 

3.3.2 Re-impact on the surface 236 

Some Na atoms that re-impact the surface are adsorbed, while TD quickly desorbs others. 237 

The adsorption rate mainly depends on surface temperature and porosity (Johnson, 2002). The 238 

adsorption rate without considering porosity is expressed as the following equation: 239 

𝑝stick = 𝐴 exp (
𝐵

𝑇𝑠
)#(12)  

𝐴 and 𝐵 are set to 𝐴 = 0.08 and 𝐵 = 458K to match the Johnson (2002) experimental 240 

measurements, which shows 𝑝𝑠𝑡𝑖𝑐𝑘 = 0.5 at 𝑇𝑠 = 250 K and  𝑝𝑠𝑡𝑖𝑐𝑘 = 0.2 at 𝑇𝑠 = 500 K. The 241 

porosity of the rock 𝜙 increases the adsorption efficiency as estimated by the following equation 242 

𝑝stick
eff =

𝑝stick
1 − (1 − 𝑝stick)𝜙

#(13)  

In this study, 𝜙 = 0.8 is used based on Johnson (2002). Fig. 6 shows the temperature 243 

dependence of 𝑝stick and 𝑝stick
eff . 244 

3.3.3 Photo-ioniation 245 

Neutral Na particles in the exosphere are lost by photoionization. Fulle et al. (2007) 246 

showed that photo-ionization lifetime of Na is 1.9 × 105sec at 1 au from the observation of 247 

comets. Thus, we assume that lifetime of Na until photo-ionization is calculated as 𝜏 =248 

Fig. 5. Results of test particle calculation 
Upper three panels are the results when Mercury is at perihelion and lower ones at aphelion. In each 

panel, the left is the Sun direction, the upper is dawn region and the lower is dusk region. The black 

circles represent Mercury. The line color differs the local time where the particle was ejected. The initial 

velocity of the particles are shown above each figure. The trajectories strongly depend on the TAA. 
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(1.9 × 105sec) × (𝑟0/1au)
2. Coulomb collision and charge exchange are ignored since the 249 

lifetime of these reactions is several order magnitude longer than photoionization. 250 

4 Results of numerical calculations 251 

4.1 Altitude profile of emission 252 

Fig. 6. Adsorption rate in re-impacting of Na atoms 
The blue line corresponds the case without porosity and red line corresponds to the 

case considering porosity 𝜙 = 0.8. 
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In this section, we compare the observations by MASCS and our model calculations in 253 

terms of the altitude profile of Na emission. For example, the altitude profiles at LT06 at 254 

TAA = 65° from both observations and model are shown in Fig. 7(a) and (b), respectively. The 255 

black line in Fig. 7(b), which is the altitude profile derived from our model, is consistent with the 256 

observations by MASCS (Fig. 7 (a)). The rattling shape of the lines in Fig. 7(b) is due to the 257 

restriction on the number of particles in the model. Cassidy et al. (2015) suggests that Na below 258 

1,000 km altitude is derived from PSD, but the main desorption process of Na above 1,000 km 259 

remains unknown. Our model shows that the dominant release process of Na is MIV (Fig. 7 (b) 260 

green line), but SWS could also be a significant process depending on solar activity and IMF 261 

because short-term variation is observed by ground observations (Massetti et al., 2017). The 262 

number of observations of the exosphere over 1,000 km is very small. The results of the 263 

BepiColombo mission are expected. 264 

4.2 Seasonal variability 265 

Na radiance at an altitude of 300 km above LT06, LT12 and LT18 is shown in Fig. 8 as a 266 

function of TAA. In terms of the seasonal variability at LT06 and LT18, the results of the 267 

calculation using the model are consistent with MASCS observations. Conversely, this model 268 

does not reproduce the emission peak at aphelion above LT12.Inconsistencies between this 269 

model and observations are considered to be due to inadequacy of the TD parameters. Most of 270 

Na at an altitude of 300 km on the dayside is derived from PSD, but as mentioned above, 271 

indirectly TD has a significant influence on Mercury’s exosphere volume. Because the 272 

temperature dependence of TD varies greatly with parameters, numerical calculations with 273 

different parameters should provide different results on the seasonal variation. We performed 274 

Fig. 7. Altitude profile of emission of Na 
(a) Observations by MASCS. (b) The results of our model. The orange line corresponds to 

Na derived from PSD, the green corresponds to Na derived from MIV, and the black line 

represents the total amount of Na. The amount of Na from TD and SWS is too small to be 

seen in this graph. 

Fig. 8. Seasonal variability of Na Emission 

The upper three panels are deduced from data of MASCS (same as Fig. 2) and the lower three panels are the 

results of calculation using our model. Shadow regions indicate missing data. In the lower panels, the orange 

line corresponds to Na derived from PSD and the black line represents the total amount of Na. The amount of 

Na from other processes is too small to be seen in this graph. 
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numerical calculations again with binding energy U = 1.70, 1.85, 2.00 eV. The results are shown 275 

in Fig. 9. This figure indicates that changing the TD parameters does not lower the mismatch 276 

between model and observations. Thus, it is necessary to consider a new process to understand 277 

the cause of the local and short-term increase of Na. 278 

4.3 Additional ejection process --- the impact of Comet Dust Streams (CDS) 279 

 280 

In this study, we investigated the possibility that the ejection of Na by the impact of 281 

comet dust streams (CDS) is responsible for the maximum at the aphelion above LT12. It is 282 

found that the production rate of Ca has a peak around TAA = 25° (Burger et al., 2014), and this 283 

peak is attributed to the collision of CDS derived from comet Encke (Killen and Hahn, 2015). 284 

Numerical calculation of the orbit of CDS particles of Encke shows that Ca is ejected from an 285 

area limited to less than 3% of Mercury’s surface for a short period of about 10 days (Christou et 286 

al., 2015). The peak of Na at aphelion of interest in this study could be attributed to another 287 

comet-derived dust stream. Now, we calculate the seasonal variation of the amount of Na 288 

exosphere with a simple assumption of ejection by the impact of CDS. We assume that the 289 

Fig. 10. The parameter dependency of the seasonal variation at LT12 
The upper left panel is the observations by MASCS. The upper right is the result of model 

with 𝑈 = 1.70eV, the lower left is 𝑈 = 1.85eV and the lower right is 𝑈 = 2.00eV. 

Fig. 9. (a) assumption of season of Na ejection by CDS (b) assumption of region of Na ejection by CDS 

Vertical axis of (a) and color scale of (b) represent 𝑅CDS/𝑅CDS
(0)

. 
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ejection rate by CDS is a Gaussian distribution around TAA = 180° and sub-solar point, as 290 

shown in eq.(14) and Fig. 10. 291 

𝑅CDS = 𝑅CDS
(0) exp {−

(TAA − 180°)2

2𝜎TAA
2 } exp [−

1

2
{
(LT − 12hr)2

𝜎LT
2 +

lat2

𝜎lat
2 }] #(14)  

The initial velocity of released Na atoms is assumed to be distributed by a Maxwellian 292 

distribution of 3,000 K, as in the case of MIV. The results of the calculation with three types of 293 

𝑅CDS
(0)

 are shown in Fig. 11. This indicates that the maximum around aphelion above LT12 could 294 

be explained if there were about 𝑅CDS
(0) ~1022 Na/km2/sec, or 1032Na (~5 × 106 kg) of Na 295 

ejection caused by CDS impact per Mercury year in total. From eq.(7), the released Na is about 296 

5 wt% of the impactor in case that the velocity of the impactor is 20 km/sec, which is the mode 297 

of micrometeoroid velocity distribution. Thus, 5 × 106 kg of Na ejection corresponds to the 298 

impact of 108 kg of CDS in total per Mercury year. It should be noted that this is an 299 

overestimation. Since dust stream particles are expected to be faster than ordinary 300 

micrometeoroids, the mass ratio of ejected Na to impactors would be larger than 5%. 301 

Additionally CDS could contribute Na to the exosphere by increasing the supply at the surface. 302 

The amount of dust particles falling on the Earth is estimated to be about 4 × 107 kg/year (Love 303 

and Brownlee, 1993), therefore, the amount of impacting CDS predicted by our model is 304 

feasible. However, there are no observational data to support this because direct observations are 305 

lacking. Observation by MIO/MDM (Nogami et al., 2010) will provide detailed data on dust 306 

distribution around Mercury and greatly improve our understanding of the seasonal variability of 307 

Na exosphere.  308 

Fig. 11. Seasonal variability of Na emission at LT12 in considering CDS 
The upper left panel is the observations by MASCS. The others are the results of our 

model. The purple line of three panels is emission of Na derived from CDS impact and 

the numbers at the top right of each panel are assumed values of 𝑅CDS
(0)

. 
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5 Conclusion 309 

Previous ground observations and simulation studies of Mercury’s exosphere have shown 310 

that Na is least abundant around the aphelion and that it does not reach maximal levels at 311 

perihelion due to the depletion of surface Na by thermal desorption. Conversely, observations by 312 

MASCS onboard MESSENGER have revealed that the Na atmospheric volumes above LT12 313 

reach their maximum near the aphelion (Cassidy et al., 2015). Three reasons have been 314 

suggested for this: (1) the rotation of the fresh ground from the nightside to the dayside, (2) the 315 

expansion of the atmosphere due to a decrease in radiation pressure, (3) the concentration of Na 316 

at the “cold-pole longitude.” We also analyze the seasonal variability above LT06, LT18 to 317 

obtain results consistent with ground observations. Additionally, we attempted to reproduce the 318 

results by MASCS observations by constructing a 3D model of exosphere considering generation 319 

processes such as TD, PSD, SWS, and MIV as well as transportation and loss of Na exosphere. 320 

However, the model does not explain the peak observed around the aphelion. This indicates that 321 

a different mechanism might be necessary to account for this fact. In this study, we focus on 322 

local and short-term ejection due to the impact of comet dust streams (CDS). Numerical 323 

calculations show that the impact of less than 10^8 kg of CDS-derived dusts per Mercury year 324 

can explain the local maximum. This value is comparable to the amount of dust that falls to 325 

Earth. 326 

This study focuses only on LT12. In the future, we will compare the calculation and 327 

observations for LTs with a small amount of observational data by using model with more 328 

realistic dust stream distribution. MDM onboard MIO included in BepiColombo mission will 329 

also provide us with important insights into the contribution of CDS to the Na exosphere. 330 

Although we only analyzed MASCS’ Na observational data, comparison with Ca and Mg data 331 

by MASCS and ground observations is necessary to understand in detail the cause of the Na 332 

exosphere’s seasonal variability. For example, Ca and Mg are thought to be mainly ejected by 333 

MIV (Burger et al., 2014; Merkel et al., 2017), which may greatly contribute to the generation of 334 

Na in the upper layer of the exosphere. Although the lack of observations of Na in the upper 335 

layer prevents us from a detailed understanding of MIV, observations of Ca and Mg should 336 

contribute thereto. As another example, the short-term variation noted by ground observation, 337 

which is thought to be derived from the variation of IMF (Massetti et al., 2017), can never be 338 

detected by MASCS because of the length of the observation interval. It is essential to compare 339 

variously obtained data and to evaluate them from diverse perspectives. MSASI (Yoshikawa et 340 

al., 2010) onboard MIO will observe Na exosphere through the detection of D2 line of Na in 341 

BepiColombo mission. The data will also provide us critical insight about the seasonal variability 342 

of Na exosphere. 343 
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