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Key Points : 

The escape rate of planetary ions is estimated by a global hybrid simulation 

Escape of planetary H+ increases under extreme solar wind conditions while that of Na+ 

decreases 

Precipitation of planetary Na+ should be considered regarding the space weathering of 

Mercury’s surface 

 

Abstract.   

The escape and precipitation of planetary ions at Mercury under different solar wind conditions 

have been examined using a global hybrid simulation. The combination of Mercury’s weak 

intrinsic magnetic field and solar wind conditions at Mercury’s location results in the formation 

of a relatively small magnetosphere compared to that of Earth. Its magnetosphere is strongly 

compressed and may disappear when solar wind conditions are extreme. Under these 
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circumstances, the solar wind can directly interact with the thickest part of the exosphere and 

surface and the escape of planetary ions is expected to be enhanced. By focusing on the dynamic 

pressure and interplanetary magnetic field dependence, three different solar wind conditions 

are used in this study. Under the extreme solar wind conditions, planetary protons shows the 

highest escape rates while planetary sodium ions show the smallest, indicating that the 

distribution of the sodium ions around the planet is controlled by the size of the magnetosphere. 

As the Larmor radius of planetary sodium ions is larger than that of planetary protons, they 

cannot escape and instead precipitate onto the surface during extreme solar wind conditions, 

when the dayside magnetosphere is well compressed. The precipitation maps of the solar wind 

protons, planetary protons, and planetary sodium ions) show that the flux from planetary 

plasmas is sometimes higher than the flux of solar wind plasmas, suggesting that the 

precipitation of planetary plasmas are probably a non-negligible source of the space weathering 

of Mercury’s surface, in particular during extreme solar wind conditions.  

 

1. Introduction  

All planets in the Solar System interact with the supersonic flow of tenuous solar wind 

plasma, composed mainly of protons and which carry a frozen-in magnetic field. The presence 

or absence of an intrinsic magnetic field determines the nature of a planet interaction with the 

solar wind. In all cases, an obstacle to the solar wind, a (induced-) magnetosphere, forms both 

around magnetized and unmagnetized planets, with two sources of plasma population: plasma 

from the exosphere originally coming from the surface or the atmosphere, and from the 

atmosphere/ionosphere of the planet, as well as, a plasma from the solar wind. The environment 

can be highly affected by extreme solar winds, leading for instance, to a more dynamic 

magnetosphere [e.g., Cane et al., 2000; Richardson et al., 2001; Wang et al., 2003; Slavin et al., 

2014; Lugaz et al., 2016; Sun et al., 2020; Varela et al., 2022], and to an increase of the 
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atmospheric escape [e.g., Futaana et al., 2008; Edberg et al., 2011; Jakosky et al., 2015; 

Dimmock et al., 2018; Mayyasi et al., 2018].   

In particular, Mercury’s environment is a complex and tightly coupled system where 

the magnetosphere, exosphere, and surface are linked by interaction processes that facilitate 

mater and energy exchanges. For example, the cusps are the regions where the solar wind 

effectively precipitates onto the surface resulting in the sputtering of neutrals and ions from the 

surface [e.g., Milillo et al., 2005 and references therein]. Exospheric neutrals are ionized by 

various processes, and the plasmas of planetary origin convect in the magnetosphere or escape 

from the system, or go back to the surface as ion recycling [e.g., Delcourt et al., 2003; Leblanc 

et al., 2003]. With the combination of Mercury’s weak intrinsic magnetic field and the harsh 

solar wind conditions, there are times when Mercury’s magnetosphere cannot sustain extreme 

solar wind conditions [Slavin et al., 2019; Jia et al., 2019]. Under these circumstances, the 

magnetosphere is compressed so that the solar wind plasma can directly interact with a much 

wider surface area than during nominal solar wind conditions.  

 Understanding the circulation of materials of planetary origin is essential to 

understanding Mercury’s system. However, observing its dependencies with respect to the 

change of external solar wind conditions requires sophisticated sets of the instruments and 

preferably multi-point measurements. The previous space missions have brought a wealth of 

information to advance our knowledge of Mercury’s environment, however, these are not 

enough to fully understand it, and thus, modelling efforts have been performed. For example, 

several authors have realized the numerical simulation tounderstand the origins of the 

exosphere by constraining parameters using these observations [Wurz and Lammer, 2003; 

Leblanc et al., 2007; Leblanc and Johnson, 2010; Gamborino and Wurz, 2018; Gamborino et 

al., 2019]. The solar wind precipitation onto the surface has also been modelled [e.g., Kallio 

and Janhunen, 2003; Pfleger et al., 2015; Fatemi et al., 2019]. Not only solar wind plasmas but 
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also the precipitation of planetary sodium ions has been studied [e.g., Delcourt et al., 2003; 

Leblanc et al., 2003; Sarantos et al., 2009; Paral et al., 2010; Yagi et al., 2010]. However, the 

behavior of planetary plasmas has been studied mainly by the particle tracing technique in a 

given fixed electromagnetic fields environment, so that the changes of the fields due to the 

planetary plasma population have not been taken into account, and the precipitating fluxes of 

planetary plasmas have never been compared in details to those of solar wind plasmas.  

In this study we examine the circulation and escape of planetary ions in Mercury’s 

system using a global hybrid simulation. In section 2 we provide details about the global hybrid 

simulations. In section 3 we discuss the results of our modeling efforts, and their implications 

in terms of plasma escape from Mercury and of plasma precipitation onto its surface. In section 

4 we conclude our study. 

 

2. LatHyS model and input parameters  

To understand the circulation of planetary ions at Mercury, the Latmos Hybrid 

Simulation (LatHyS) is used in this study. LatHyS is a global hybrid simulation, which has been 

developed and used to model several planetary environments such as Mercury, Venus, Mars, 

Titan, and Ganymede [Modolo et al., 2005, 2006, 2016, 2018; Richer et al., 2012; Leclercq et 

al., 2016; Aizawa et al., 2022]. The details of LatHyS can be found in the previous papers [e.g., 

Modolo et al., 2016; Richer et al., 2012; Leclercq et al., 2016]. The planetary magnetic field is 

taken based on the findings from MESSENGER (MErcury Surface, Space ENvironment, 

GEochemistry and Ranging) observations, i.e., Mercury’s magnetic field is simply assumed to 

be a pure dipole with a magnetic moment of 192 nT, offset northward by 20% [e.g., Anderson 

et al., 2012]. A spherically uniform exosphere is implemented in LatHyS in order to self-

consistently create the planetary ions. An exosphere of hydrogen and sodium neutrals is 

considered here with a scale height of 1292 km and a density of 105 cm-3  at the surface for 
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hydrogen, and a scale height of 50 km for sodium and a density of 104 cm-3 at the surface [e.g., 

Gamborino et al., 2019]. Photoionization and charge exchange are implemented as ionization 

processes. To calculate the photoionization, a F10.7 index of 74 is used in this study and scaled 

up to Mercury’s location.   

The planetary surface is considered as a perfect plasma absorber, i.e., all the particles 

that impact onto the surface are removed from the simulation and thus there is no surface 

charging and no ion backscattering. The coordinate system used is the Mercury-Sun-Orbital 

(MSO) system, i.e., the X-direction is taken from Mercury to the Sun, the Z-direction is parallel 

to the normal to the Mercury orbital plane around the Sun, positive northward, and Y completes 

the right-handed coordinate system. 

In this study, we have used three different solar wind conditions. First, as an extreme 

solar wind condition, we have used a Coronal Mass Ejection (CME) event observed by 

MESSENGER on November, 23 2011 (Run (a), with a dynamic pressure of 47 nPa) [Slavin et 

al., 2014; Exner et al., 2018]. Second, in order to reduce the dynamic pressure of the solar wind, 

we have simply reduced its density to its average value at the orbital distance of Mercury (Run 

(b), with a dynamic pressure of 17 nPa, low Mach number). Third, in order to be representative 

of typical conditions encountered at the orbital distance of Mercury, the parameters of Run (b) 

have been used but the strength of the IMF was reduced from 97 nT to 19 nT (Run (c)). For the 

three runs the IMF clock and cone angles are set to be the same in order to not have any effects 

from changes in the IMF orientation. The input parameters are summarized in Table 1. 
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Table 1. Summary of input parameters for our three simulation runs. Parameters are in the 

MSO coordinate system. 

 Run (a) : CME Run (b) : Low 

Mach  

Run (c) : Typical 

Solar Wind density 

[/cc] 

140 50 50 

Solar Wind velocity 

[km/s] 

450 450 450 

Dynamic Pressure 

[nPa] 

47 17 17 

IMF (Bx, By, Bz) [nT] (7.7, 92.0, 31.9) (7.7, 92.0, 31.9) (1.5, 18.0, 6.6) 

IMF cone angle [deg] 85 85 85 

IMF clock angle [deg] 70 70 70 
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Proton temperature 

[eV] 

7 7 7 

Plasma beta (proton) 0.27 0.015 0.38 

Ion cyclotron 

frequency [/s] 

9.3 9.3 1.8 

Ion inertia length [km] 19.3 32.2 32.2 

Magnetosonic Mach 

number 

2.4 1.5 6.6 

Alfven speed [km/s] 180 301 59.3 

Alfven Mach number 2.5 1.5 7.6 

Simulation box [Rv] (±4, ±8, ±8) (±4, ±8, ±8) (±4, ±8, ±8) 

Grid resolution [km] 96 96 96 

Time step [Ωi] 0.03 0.03 0.03 

 

 

3. Results and Discussion 

3.1 Escape and precipitation of plasmas  

Figure 1 shows an overview of the three different runs in (A) the X-Z plane and (B) the 

X-Y plane at the magnetic equator. As expected, and can be seen in the top two panels of Figure 

1, Mercury's magnetosphere has shrunk under the extreme solar wind condition (Run (a)) while 

the typical solar wind condition (Run (c)) show a larger magnetosphere. The magnetopause 
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distance at X = -1 RM calculated by the solar wind density profile as a proxy of the size of the 

magnetosphere for each run is 1.67 RM for Run (a) and (b), and 2.12RM for Run (c) in the +Z 

hemisphere. Clear differences can also be seen in the compressibility in the magnetosheath in 

the top panels and thermalized solar wind protons in the second panels among the three runs. 

Run (c) shows the highly compressible magnetosheath to the solar wind IMF, while Run (b) 

shows the least, depending on the Mach number. 

The behavior of planetary ions (the third and fourth panels of Figure 1) shows some 

differences among the three runs, i.e., Run (a) shows a significant enhancement of planetary 

protons (Hpl+ hereafter) compared to Run (b) and Run (c), while less sodium ions (Na+ 

hereafter) are seen under extreme solar wind conditions.  
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Figure 1. Outputs of the LatHyS simulations in (A) X-Z plane and (B) X-Y plane (at magnetic 

equator) for (left) Run (a), (middle) Run (b), and (right) Run (c). From top to bottom: the 2D 

colormaps show the magnetic field intensity normalized to the IMF magnitude, the proton 

density originated from the solar wind normalized to the input solar wind density (Hsw+), the 

planetary proton (Hpl+) density (in cm-3), and the sodium ion (Na+) density (in cm-3) in the X-Z 

(MSO) plane. The magnetic field lines are superimposed onto each 2D colormap. Distances 

are expressed in Mercury radii, 1 RM = 2440 km.  

 

 

To discuss the escape of planetary ions from Mercury’s system, the escape rates are 

calculated from LatHyS by setting a 400 km thick shell at 2500 km altitude. For Hpl+, Run (a) 

shows the highest value while Run (b) shows the lowest value. On the other hand, the escape 

rate of Na+ does not change much, with only a gradual decrease from Run (a) to Run (c), which 

is an opposite trend compared to the other telluric planets Mars, Earth, and Venus for heavy 

ions [e.g., Ramstad and Barabash, 2021]. 

 Since the same EUV flux is used in all three runs, ions produced due to the 

photoionization should remain the same. Thus, only charge exchange can lead to differences in 

the density of planetary plasmas as seen in Hpl+, i.e., the Hpl+ density in Run (a) being higher 

than Run (b) and (c). On the other hand, the density of Na+ in Run (a) is lower than Run (b) 

and (c), and less spread. The distribution of Na+ around the planet is inside the magnetosphere 

while Hpl+ are mainly in the magnetosheath and well extended outside. This is due to the 

different scale height between hydrogen and sodium exospheres, i.e., the hydrogen exosphere 

is extended beyond the outer boundary of the magnetosphere of Mercury while the sodium 

exosphere is concentrated closer to the planet. In addition, the Larmor radius of Na+ is larger 

than that of Hpl+, thus, they can easily hit the surface when ionized closer to the surface. In 
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Run (a) Na+ precipitates more easily on the dayside than in Run (c) because they have less 

space to travel through the magnetosphere of Mercury.  

Figure 2 shows the impacting fluxes onto the surface for the three different species with 

a resolution of 4.5x4.5˚/grid. As seen, Hsw+ (top panels in Figure 2) have the largest 

precipitation flux in Run (a), whereas a similar pattern of lower intensity can also be seen in 

Run (b). However, Run (c) shows a different pattern of precipitation flux, i.e., two clear bands 

at latitude 50˚ and -35˚, extended through the nightside, indicating that the ions follow the open-

closed magnetic field line more than in the other two runs. The precipitation patterns for Hsw+ 

in this study, Run (a) match the results reported by Fatemi et al. (2019) for extreme solar wind 

conditions. Hpl+ (second row in Figure 3) shows a more distributed pattern for the three runs, 

but a thick band structure appears clearly in Run (c), which seems to evolve from Run (a) to 

Run (c). In these runs, the direction of the electric field, which the ions are accelerated along, 

points from dusk to dawn due to given IMF clock angle, so more precipitation is expected on 

the dusk side. Thus, the band corresponds to the low-intensity or neutral region of the electric 

field slightly shifted to the north due to the intrinsic magnetic field asymmetry. In particular in 

Run (c), Figure 1(b) shows a ring structure for Hpl+ indicating that the Run (c) allows Hpl+ 

circulate around the planet because the magnetopause is less eroded. Na+ shows similar patterns 

than Hsw+ for the three runs, with the most intense precipitation fluxes over the dayside in Run 

(a), and a descreasing intensity in Run (b) and (c), which indicates that more Na+ precipitates 

under extreme solar wind condition, in agreement with our previously stated hypothesis. To 

quantitatively discuss the precipitating fluxes, the derived average precipitating rate at 12h local 

time from -50 to 50˚ in latitude, where the most intense fluxes are seen, is displayed in Table 2.  
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Figure 2. Precipitation flux onto the surface for three different species for each run. From top 

to bottom, solar wind protons (as Hsw+), planetary protons (Hpl+), and planetary sodium ions 

(Na+).  

 

 

 

 

 

 

 

 

Table 2. Escape rate and precipitating flux calculated from the LatHyS simulation 

 Species Run (a) :CME Run (b) : Low 

Mach  

Run (c) : Typical 

Escape rate Planetary H+  1.54 x 1026 4.83 x 1025 6.96 x 1025 
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 [ions/s] Planetary 

Na+ 

4.67 x 1022 5.82 x 1022 6.33 x 1022 

Average 

precipitating rate 

at 12h LT 

[ions/s] 

Solar wind 

H+ 

6.1 x 1021 9.6 x 1020 1.3 x 1021 

Planetary H+ 3.4 x 1018 3.1 x 1018 2.0 x 1019 

Planetary 

Na+ 

9.6 x 1020 7.6x1019 1.1 x 1020 

 

 

 

 

3.2 The energy dependence of the precipitating fluxes  

Depending on the energy of the precipitating fluxes, precipitating plasmas can sputter neutrals 

from the surface and/or be implanted in the surface materials. How many atoms can be produced 

by sputtering has been studied by several authors for different environment [e.g., Hapke 2001; 

Killen et al., 2001; Pfleger et al., 2015; Szabo et al., 2020; Nenon et al., 2019; Nenon and Poppe, 

2021]. As discussed at Phobos by Poppe and Curry (2014), planetary heavy ions of Mars origin 

show a different energy dependence on the sputtering yield (the number of ejecta per impacting 

particle), i.e., the lowest energy of Hsw+ to induce a observable sputtering yield is at 100 eV 

(typically with Y larger than 0.001), while for heavier ions, such as alpha particles and oxygen 

ions, the sputtering yield is larger and has an observable effect even at few tens of eV. Figure 3 

shows the energy distribution of the precipitating fluxes averaged over the entire surface of 

Mercury for the three species and three runs. In general, Hsw+ precipitating flux is larger than 

the planetary ion precipitating flux below 1 keV and is equivalent and even lower above such 
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energy. The exact sputtering yield depends not only on the energy, but also on the incident 

angle of precipitation, the surface composition, and the surface binding energy [e.g., Szabo et 

al., 2020]. However, ratios of average integrated precipitating fluxes over energy between Na+ 

above 30 eV and Hsw+ above 100 eV are 14%, 10%, and 9% for Run (a), (b) and (c), 

respectively. Thus, it is obvious that the combination of larger yield by heavier ions, for instance, 

oxygen ions give the order of 2 higher value than Hsw+ at 1 keV [Poppe and Curry, 2014] and 

thus Na+ can be even more due to its heavier mass, and of similar and even more intense flux 

of heavier ion with respect to Hsw+ (Figure 3, top) imply that Mercury’s surface sputtering and 

space weathering will also be largely affected by the precipitation of the heavier ions formed 

from the exosphere, in particular when Mercury’s magnetosphere is being compressed by the 

solar wind.  

Commented [JMR1]: Is it possible add any quantitative 
comparison of the yields, even just a normal incidence?  I 
realize that the energy difference makes that even more 
difficult.   
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Figure 3. The energy dependence of averaged precipitating fluxes per energy over the entire 

surface of Mercury for the three different species for each run.  

 

The ion precipitation maps obtained here are snap shots at a given time with given input 

parameters. Patterns of precipitating fluxes vary with the change in the solar wind [Fatemi et 

al., 2019]. However, it would be useful to compare the ion sputtering and geological features 

of Mercury. Figure 4 shows the precipitation flux of the three different runs superimposed on a 

geological map made by a MESSENGER Mercury Dual Imaging System instrument. The 
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conversion between the local time and geological longitude is made using the day of the CME 

event, November, 23rd 2011 which is used for Run (a). The precipitation patterns do not show a 

clear correspondence with the colors of the geological map, however, Mercury’s rotation would 

make the longitudinal dependency disappearing. The figure indicates that latitudinal features 

will be much more important, and that the upper and lower limits of precipitation fluxes in 

latitude shown in Figure 4 correspond to the boundary between blue and yellow colors of the 

geological map at high latitudes (~ +/- 75-80 deg) in particular for Run (c). There are several 

other processes for the space weathering at Mercury, such as the permanent micro-meteoroid 

impact and solar irradiation but which would lead to a less clear latitudinal dichotomy. All of 

these will be more studied by several instruments onboard BepiColombo after its orbital 

insertion at Mercury in 2025. Expected forthcoming observations to investigate interactions 

between the surface, exosphere, and magnetosphere is summarized in Rothery et al., (2020).     
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Figure 5. Precipitation flux onto the surface for three different species for the three different 

runs. From top to bottom, solar wind protons (Hsw+), planetary protons (Hpl+), and planetary 

sodium ions (Na+). Fluxes are projected onto Mercury body-fixed frame on Nov 23rd, 2011. 

Different colors show different surface compositions on Mercury, in particular, darker areas 

exhibit low-reflectance material and yellow tan-colored areas show smoother terrain known as 

high-reflectance red plains [e.g.,  Denevi et al., 2009; Ernst et al., 2010; Semenzato et al., 2020].  

 

5. Conclusions 

 The escape and precipitation of planetary ions at Mercury under different solar wind 

conditions are examined using the global hybrid simulation LatHyS. Planetary protons have a 

larger escape rate during extreme solar wind conditions, while planetary sodium ions have a 

lower escape rate due to a larger precipitation flux onto the surface. The amount of sodium ions 

that escape is rather stable under different solar wind conditions, however, small difference can 

be explained by the size of the magnetosphere. Precipitation maps indicate that the precipitation 

of planetary plasmas, in particular sodium ions, is significant compared to the one by solar wind 

protons, and should be taken into account for space weathering of Mercury’s surface. 

Precipitating fluxes depend on the solar wind conditions as well as on the exospheric model, 

thus calculating sputtering yield will be done in a following work. On a Mercury’s rotation 

period scale, the distribution of the precipitation is uniform in longitude but would remain 

structured inlatitude because being controlled by Mercury’s magnetosphere. Such latitudinal 

dichotomy could explain the difference in surface albedo of the polar region compared to the 

equatorial ones. To further investigate the influence of planetary plasmas on the surface 

composition, forthcoming observations by the two spacecraft of BepiColombo are awaited to 

pursue the complementary observation as discussed in Rothery et al. (2021). In addition, 

numerical modelling [e.g., Burger et al,, 2010; Leblanc and Johnson,  2010; Wurz et al., 2010; 
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Gamborino et al., 2019; Suzuki et al., 2020; Morrissey et al., 2021; 2022] and lab experiments 

[e.g., Domingue et al., 2014; Biber et al., 2020; Szabo et al., 2018; 2020] are also necessary to 

quantitatively and qualitatively understand each process. 
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