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1.  Introduction
Mercury possesses a global dipole magnetic field with a similar polarity to Earth's dipole field, but the magnetic 
field intensity near Mercury's magnetic equatorial plane (∼200 nT) is much less than the strength of Earth's field 
(∼30,000 nT) (see Anderson et al., 2012). Mercury's magnetic field can hold off the constantly streaming solar 
wind with a subsolar magnetopause distance of around one thousand kilometers above the planet's surface (Siscoe 
et al., 1975; Slavin et al., 2008). As the closest planet to the Sun, Mercury is subject to the strongest solar wind 
driving compared to other planets in the solar system (Slavin & Holzer, 1981; Sun et al., 2022). One outcome is 

Abstract  At Mercury, several processes can release ions and neutrals out of the planet's surface. Here we 
present enhancements of planetary ions (Na +-group ions) in Mercury's northern magnetospheric cusp during 
flux transfer event (FTE) “showers.” FTE showers are intervals of intense dayside magnetopause reconnection, 
during which FTEs are observed in quick succession, that is, only separated by a few seconds. This study 
identifies 1953 FTE shower intervals and 1795 Non-FTE shower intervals. During the shower intervals, this 
study shows that the FTEs form a solar wind entry layer equatorward of the northern magnetospheric cusp. In 
this entry layer, solar wind ions are accelerated and move downward (i.e., planetward) toward the cusp, which 
sputter upward-moving planetary ions with a particle flux of 1 × 10 11 m −2 s −1 within 1 min. The precipitation 
rate is estimated to increase by an order of magnitude during FTE showers, to 2 × 10 25 s −1, and the neutral 
density of the exosphere could vary by >10% in response to this FTE-driven sputtering. Such rapid large-scale 
variations driven by dayside reconnection may explain the minute-to-minute changes in Mercury's exosphere, 
especially on the high latitudes, observed by ground-based telescopes on Earth. Our MESSENGER in situ 
observation of enhanced planetary ions in the entry layer likely corresponds to an escape channel for Mercury's 
planetary ions. Comprehensive, future multipoint measurements made by BepiColombo will greatly enhance 
our understanding of the processes contributing to Mercury's dynamic exosphere and magnetosphere.

Plain Language Summary  For the airless objects in the solar system, energetic ion sputtering is 
an important process that can release particles out of the planet's surface. In Mercury's magnetosphere, the 
solar wind energetic ions have been suggested to be able to release neutrals out of the surface in a short period 
by models and simulations. This paper has examined the 4 years of magnetic field and plasma measurements 
collected by NASA's MESSENGER mission orbiting Mercury and has led to the discovery of how reconnection 
between the interplanetary and planetary magnetic fields leads to the formation of solar wind entry layers 
around Mercury's magnetospheric cusps. These entry layers act as magnetic channels that cause the solar wind 
energetic ions to move downward toward the planet and precipitate onto the surface beneath Mercury's northern 
and southern magnetospheric cusps where they sputter neutral sodium and sodium ions. This paper concludes 
that the solar wind sputtering could account for 10% or greater changes in the density of neutral sodium in 
Mercury's exosphere, and the sputtered sodium ions likely form an escape channel of Mercury's planetary 
species. The ion escape depended on the solar wind driving magnetopause reconnection at Mercury is different 
from the ion escape at Venus and Mars, where escape ions are ionized by the solar ultraviolet (UV).
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that the magnetic reconnection erosion effect on the dayside magnetopause is significant at Mercury (Slavin & 
Holzer, 1979; Slavin et al., 2014, 2019), and it often generates flux transfer events (FTEs) on the magnetopause 
(Russell & Elphic, 1978; Russell & Walker, 1985; Slavin et al., 2009, 2012; Sun, Slavin, Smith, et al., 2020). 
In Mercury's magnetosphere, the FTEs are observed often in quick succession and a large number by MErcury 
Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER, Solomon et  al.,  2007), which is 
named flux transfer event (FTE) “shower” (Slavin et al., 2012, 2014, 2019; Sun, Slavin, Smith, et al., 2020).

The occurrence of FTE showers is high and depends on both of the magnetosheath plasma 𝐴𝐴 𝐴𝐴 , which is the ratio 
of the thermal pressure to the magnetic pressure, and the magnetic shear angle across the magnetopause (Sun, 
Slavin, Smith, et al., 2020). The high occurrence of FTE showers at Mercury is due to Mercury's magnetosphere 
being embedded in the solar wind with a low Alfvénic Mach number (MA 𝐴𝐴 𝐴  4) (Slavin & Holzer, 1981; Sun 
et al., 2022), that is, the ratio of solar wind speed to the Alfvén speed. The low MA solar wind often leads to 
a magnetosheath with a low plasma 𝐴𝐴 𝐴𝐴 that forms a plasma depletion layer (PDL) ahead of the magnetopause 
(Gershman et al., 2013; Slavin et al., 2014). As a result, magnetic reconnection at Mercury's magnetopause would 
be less dependent on the polarity of the IMF and occurs at a high rate (Slavin et al., 2014; Sun, Slavin, Smith, 
et al., 2020). In addition, when reconnection occurs, the reconnecting rate is large (DiBraccio et al., 2013; Slavin 
et al., 2009). This can be revealed by the fact that not only do FTE showers occur in high occurrence rates (around 
52% of the magnetopause crossings) but also the FTEs are observed in quick succession, that is, separated by 
only a few seconds. FTEs occur at lower rates and are separated by tens of minutes at other planets (Jasinski, 
Akhavan-Tafti, et al., 2021; Russell, 1995), such as Earth, Jupiter, and Saturn since they are embedded in the solar 
wind with a higher MA, see Sun et al. (2022) for a review.

Mercury does not have a significant atmosphere but a tenuous exosphere. Since the discovery of Mercury's 
neutral exosphere (Broadfoot et al., 1974; Potter & Morgan, 1985), thermal and photon-stimulated desorption 
(Madey et al., 1998; Sprague et al., 1997), micrometeoroid impact vaporization (Jasinski et al., 2020; Mangano 
et  al.,  2007; Morgan et  al.,  1988) and the solar wind sputtering have been proposed to release neutral parti-
cles (Hofer, 1991; Killen et al., 2001; McGrath et al., 1986; Mura et al., 2005) and ions (Benninghoven, 1975; 
Broadfoot et al., 1974; Raines et al., 2014) from the planet's surface. However, these processes and their relative 
importance are poorly understood. Magnetic field lines in the FTEs are open field lines with one end connecting 
to the solar wind and the other to the planetary magnetic field in the magnetospheric cusp (Lee & Fu, 1985). In 
these field lines, solar wind particles can be accelerated and transported into the magnetosphere and bombard 
the regolith beneath the cusps, which corresponds to the process of solar wind sputtering (Hofer, 1991; Killen 
et al., 2001; McGrath et al., 1986; Mura et al., 2005). The investigation of solar wind sputtering has been limited 
to theoretical models in Mercury's studies. There is still no in situ evidence for this process.

Here we present MESSENGER's observations of the enhancement of planetary ions, specifically of the Na +-group 
ions, which includes Na + (sodium ion), Mg + (magnesium ion), Al + (aluminum ion), and Si + (silicon ion), near 
Mercury's northern magnetospheric cusp during flux transfer event (FTE) “showers.” The FTEs accelerate and 
magnetically channel solar wind protons downwards and planetwards toward the magnetospheric cusps, which 
forms a solar wind entry layer. This entry layer is observed to increase the proton precipitation rate beneath the 
cusps at the planet's surface by an order of magnitude. This produces antiplanetward-moving planetary ions 
within around 1 min after the onset of an FTE shower. The neutral density of the exosphere can vary by >10% 
due to this FTE-driven sputtering. These in situ observations of enhanced planetary ions in the entry layer likely 
correspond to an escape channel of Mercury's planetary ions, and the large-scale variations of the exosphere 
observed on minute-timescales by ground-based solar telescopes.

2.  Satellite and Instrumentation
MESSENGER orbited Mercury between 18 March 2011, and 30 April 2015, UTC, around 17 Mercury years. In 
this study, measurements of the magnetic field made by the Magnetometer (MAG) (Anderson et al., 2007) and 
of ions by the Fast Imaging Plasma Spectrometer (FIPS), which is a part of Energetic Particle and Plasma Spec-
trometer (EPPS) (Andrews et al., 2007), were used. The MAG provided the magnetic field at a time resolution of 
20 vectors per second in the Mercury solar orbital (MSO) coordinate system.

The Fast Imaging Plasma Spectrometer (FIPS) was an ion-mass spectrometer, which could resolve mass per 
charge from 1 to 60 amu/e through energy per charge (E/q) and time-of-flight (TOF) measurement. The range of 
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energy per charge of FIPS was from about 0.1 to 13.5 keV/e with a time resolution of ∼10 s (scan time was ∼8 s). 
FIPS used the double-coincidence technique, which greatly reduced background noise. FIPS had a field-of-view 
(FOV) of around 1.4 𝐴𝐴 𝐴𝐴 sr and an angular resolution of 10°. However, the spacecraft obstructions reduced the FOV 
to an effective value of ∼1.15 𝐴𝐴 𝐴𝐴 sr.

Sodium-group, Na +-group, ion data used in this study contained ions of mass per charge from 21 to 30 amu/e, 
which included Na +, Mg +, Al +, and Si + (Raines et al., 2013). The measurements were binned to increase the 
signal-to-noise ratio, and it is not possible to directly distinguish between these species at present. The Na +-group 
ions in this paper refer to the above-mentioned group of species. The densities of Na +-group ions and the Alpha 
particle (He ++) used in this study were the observed number density. The observed density was calculated by inte-
grating the phase-space density, which is converted from the observed counts, over the observed velocity range 
and FOV. The real density should be about 3.48 (4 𝐴𝐴 𝐴𝐴 /1.15 𝐴𝐴 𝐴𝐴 ) times the observed density. A detailed description 
of the FIPS, including its FOV, double-coincidence technique, and derivation of observed density, was given by 
Raines et al. (2011, 2013).

The aberrated Mercury solar orbital (aMSO) coordinates were used for the spacecraft position. In the MSO coor-
dinates, the 𝐴𝐴 𝐴𝐴𝐴MSO points from the center of Mercury to the Sun, the 𝐴𝐴 𝐴𝐴𝐴MSO points northward perpendicular to the 
Mercury's orbital plane, and the 𝐴𝐴 𝐴𝐴𝐴MSO completes the right-handed system, which is directed opposite to Mercury's 
orbital velocity around the Sun. In the aMSO, the coordinates of 𝐴𝐴 𝐴𝐴𝐴aMSO −𝐴𝐴 𝐴𝐴𝐴aMSO plane is rotated to be antiparallel 
to the solar wind (400 km/s along −𝐴𝐴 𝐴𝐴𝐴aMSO ).

The aberrated Mercury solar magnetospheric (aMSM) coordinates were used for the magnetic field data. Because 
the dipole axis of Mercury is close to the 𝐴𝐴 𝐴𝐴𝐴MSO with an angle difference of <0.8°, the three-axis of aMSM are the 
same as those of aMSO except that the origin of aMSM is at the center of the dipole, which is shifted northward 
of approximately 484 km from the planetocentric position.

3.  FTE Shower on 22 March 2012
3.1.  Event Overview

On the left side of Figure 1, the measurements of the magnetic field and ions during one of the MESSENGER's 
descending orbits on 22 March 2012 are displayed. In around 20 min, MESSENGER traveled from the subsolar 
magnetopause to the northern cusp and then reached the closest approach (CA) at an altitude of around 260 km, 
during which MESSENGER observed abundant Na +-group ions (including Na +, Mg +, Al +, and Si +) with the 
observed densities (nobs) of 0.5–2 cm −3 (Figure 1c). Early in the time series, near the magnetopause, MESSEN-
GER observed approximately 40 FTEs in less than 5 min. These FTEs, separated by only a few seconds, appeared 
in a large group, which corresponded to an interval of FTE shower.

During this event, the interplanetary magnetic field (IMF) in the magnetosheath was southward with a magnetic 
shear angle across the magnetopause of 107°. The magnetic field intensity in the magnetosheath was slightly 
smaller than the field intensity in the magnetosphere, which implied a plasma depletion layer (PDL) ahead of 
the magnetopause (Gershman et al., 2013), and the plasma 𝐴𝐴 𝐴𝐴 was calculated to be approximately 0.08 in the 
magnetosheath. As the plasma 𝐴𝐴 𝐴𝐴 in the dayside magnetosphere was small (<0.1), the magnetic reconnection was 
approximately symmetric at this magnetopause.

This event at Mercury's magnetosphere was modeled by a global Hall-Magnetohydrodynamics (MHD) simula-
tion with a coupled planetary interior (Chen et al., 2019; Jia et al., 2015, 2019) under similar low magnetosheath 
plasma 𝐴𝐴 𝐴𝐴 and southward IMF conditions. See Appendix A on the introduction of the Hall-MHD simulation. On 
the right-hand side of Figure 1, magnetic flux ropes centered in the FTEs with helical magnetic field lines are 
gathered on the dayside magnetopause. These flux ropes are formed between neighboring X-lines, in which the 
magnetic field lines have one end in the solar wind while the other passes through the northern or southern cusps 
and down into Mercury's surface. Consequently, for the present case in the northern hemisphere, the solar wind 
particles parallel to the magnetic field lines would travel into the magnetosphere along the open magnetic field 
lines inside the FTEs. In Figure 1a, the intermittently appearing cold (𝐴𝐴 𝐴 1 keV) and dense protons in the high lati-
tude magnetosphere correspond to these injected ions. These injected solar wind protons are further analyzed in 
the next section. In the lower altitude magnetosphere, including the cusp, the injected solar wind particles along 
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the open field lines inside the FTEs diamagnetically reduce the planetary magnetic field and generate magnetic 
depressions, which are known as filaments (see Figure 1g and ref. Slavin et al., 2014; Poh et al., 2016).

3.2.  Injected Solar Wind Protons

Figure 2a shows the proton phase-space-density (PSD) distribution versus pitch angles, which integrates the FIPS 
measurements inside the FTEs in Figure 1. FIPS provided the proton distribution in pitch angles from 30° to 150° 
(with more than 40 scans). The cold and dense protons that appeared in the parallel direction (pitch angles smaller 
than 90°) corresponded to the injected magnetosheath protons along the open magnetic field lines in the FTEs. 
As shown in Figure 2b, the cold and dense protons with pitch angles from 40° to 60° (the red line) corresponded 
to a temperature of around 0.7 keV and a density of around 20 cm −3, which were consistent with the features 
of magnetosheath protons. Considering the characteristic energy of 0.7 keV, these high flux solar wind protons 
would take only around 10 s to travel from the subsolar point to the planet's surface beneath the cusp. These high 
flux solar wind protons would eventually bombard the planet's surface and cause sputtering.

Figure 3 shows the particle flux versus pitch angles of the Na +-group ions during the period from 03:57 to 04:08, 
22 March 2012 UTC. This figure integrated the measurements of the Na +-group ions in the dayside magneto-
sphere. Figure 3a shows that more of the Na +-group ions were moving antiplanetward than planetward, which 
suggested that the planetary ions were generated and outflowing from the planetary surface. We show and discuss 
the outflowing Na +-group ions in the next section about statistical analysis.

Figure 1.  Overview of the flux transfer event (FTE) shower observed by MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) on 22 
March 2012 (left) and the Hall-MHD simulation (right). Left: (a), differential particle flux for protons (see Section 2), (b) differential particle flux for sodium group 
ions (Na +-group ions, m/q = 21–30), (c) observed densities of Na +-group ions. (d–f) Magnetic field components, Bx, By, Bz, respectively, (g) magnetic field intensity Bt. 
The black and red ticks mark FTEs and cusp filaments, respectively. Observations in the magnetosheath (MSH), dayside magnetosphere (Dayside MSP), cusp and lobe 
are labeled at the top of the figure. Magnetic Latitude (MLAT), Local Time (LT), and Altitude (ALT) of the spacecraft are labeled underneath the figure. The dayside 
magnetopause (MP) crossing occurred at an altitude of ∼990 km, close to the equator (∼37.2°) and at local noon (∼12:20 local time). Closest approach (CA) occurred 
at an altitude of ∼263 km at high latitudes (∼71.0°) and at local midnight (∼22:35 LT). Right: (h) the BATSRUS Hall-Magnetohydrodynamics (MHD) simulation of 
Mercury's magnetosphere under similar interplanetary magnetic field (IMF) conditions to the MESSENGER observations. In this snapshot, two FTEs with a clear 
helical magnetic field topology (green lines) appeared simultaneously at the dayside magnetopause. The solar wind entry layers were identified equatorward of the 
northern and southern cusps, respectively. The cusps are identified as the regions with higher thermal pressure. The yellow line represents MESSENGER's trajectory, 
which contains some time marks consistent with the left panel.
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4.  Statistical Analysis
4.1.  Spatial Distribution of Na +-Group Ions and Magnetic Field Line

In the entire mission, MESSENGER traversed the dayside magnetopause around 3,748 times, in which 1953 
(about 52%) were accompanied by FTE showers (𝐴𝐴 ≥ 10 FTEs during the magnetopause crossing) (Sun, Slavin, 
Smith, et al., 2020). Intervals, when MESSENGER crossed the dayside magnetosphere (normally around 15 min) 
where FTE showers were observed, were defined as FTE shower intervals (1953 events). The remaining dayside 
magnetosphere crossings (1,795 events) without FTE showers were defined as non-FTE shower intervals. It is 
hard to know the magnetopause reconnection conditions in real time with only MESSENGER observations. A 
study focusing on IMF near Mercury's orbit shows that the IMF is likely to retain a similar state for 10–20 min 
(James et al., 2017). Therefore, using the FTEs as an indicator of magnetopause reconnection for our study is 
appropriate.

Figure 2.  Fast Imaging Plasma Spectrometer (FIPS) measurements of the pitch angle-energy distribution inside the flux 
transfer events (FTEs) in the dayside magnetosphere during the MErcury Surface, Space ENvironment, GEochemistry, 
and Ranging event shown in Figure 1. (a) The distribution of proton phase-space density (PSD) versus pitch angle. This 
distribution integrates over all the unwrapped measurements inside the FTEs which the spacecraft crossed inside the 
magnetosphere. Pitch angle bin size is 5°. Gray regions indicate the pitch angles are out of the field-of-view (FOV) of FIPS in 
the period. (b) Gaussian fits on the protons in the perpendicular direction (pitch angles from 80° to 120°, in blue) and protons 
in the parallel direction (pitch angles from 40° to 60°, in red). The errorbars of the data points are obtained from the Poisson 
statistics, which are proportion to 𝐴𝐴 1∕

√

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 . The counts are the observed counts of each data point. The uncertainties of 
the fitting results are estimated during the least square curve fit, which correspond to a confident interval of 68.72% (i.e., 
one standard derivation). Parallel direction contains a cold and dense population. Perpendicular direction contains two 
populations, one is cold and dense, which is identified to have been injected from the solar wind, and the other is a hot and 
tenuous magnetospheric population, which could be the quasi-trapped populations reported by Zhao et al. (2022).
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Figure 4 shows the spatial distributions of the observed density (nobs) of the Na +-group ions near the noon-mid-
night meridian plane (Rxy-Z) plane during the non-FTE shower intervals (Figure 4a) and the FTE shower inter-
vals (Figure 4b), which are overlaid with the magnetic field lines (in white) during their intervals, respectively. 
Appendix B describes the derivation of the magnetic field lines. The Na +-group ion density was significantly 
enhanced during the FTE shower intervals compared to the non-FTE shower intervals, and the enhancement was 
concentrated on the newly opened magnetic field lines, which formed a solar wind entry layer at the equatorward 
boundary of the northern cusp. The density of Na +-group ions in the entry layer was approximately 0.6 cm −3 
or higher (Figure 4b), while the density was 𝐴𝐴 𝐴 0.3 cm −3 in the similar northern cusp region during the non-FTE 
showers (Figure 4a). The magnetic field topology during the non-FTE shower was smooth without signatures of 
magnetic reconnection.

Figure 3.  Fast Imaging Plasma Spectrometer (FIPS) measurements of the distribution of the Na +-group ions during the period from 03:57 to 04:08, 22 March 2021 
UTC, corresponding to the MErcury Surface, Space ENvironment, GEochemistry, and Ranging event in Figure 1. (a) The distribution of the differential particle flux of 
Na +-group ions versus pitch angles. (b) The distribution of the number of FIPS scans versus pitch angles. Pitch angle bin size is 10°.

Figure 4.  The magnetic field topology as well as MErcury Surface, Space ENvironment, GEochemistry, and Ranging's (MESSENGER's) spatial distribution 
measurements of the sodium-group (Na +-group) ions during (a) intervals without flux transfer event (FTE) showers and (b) intervals with FTE showers, shown in the 

Rxy-Z plane (Rxy =  𝐴𝐴

√

𝑋𝑋2

aMSO
+ 𝑌𝑌 2

aMSO
 ). 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 (see Appendix B on how the 
field lines are derived). The solar wind entry layer (indicated by the red arrow in b) is determined from the magnetic field topologies during the intervals of FTE 
showers. In this figure, the measurements of the Na +-group ions were limited in the magnetic local time (MLT) from 12:00 to 14:00.
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Figure 5 shows the distributions of Na +-group ions during FTE shower intervals along with the magnetic local 
time (MLT) and magnetic latitude (MLAT) on the dayside magnetosphere. The figure shows that Na +-group ions 
were generally found at an MLT of 09:00–15:00 and MLAT from 20° to 75°. The Na +-group ions were concen-
trated in MLAT from 40° to 65° and MLT from 12:00 to 13:30 in the postnoon sector and were concentrated in 
MLAT from 40° to 50° and MLT from 9:30 to 12:00 in the prenoon sector.

4.2.  Solar Wind Entry Layer

The FTE shower opened a solar wind entry layer, in which the solar wind particles were channeled into the 
magnetosphere, impacting the planet's surface and causing sputtering. Figure 6 traces the open magnetic field 
lines in the entry layer (see Appendix B on how to trace field lines) and shows the densities of H +, Na +-group 
ions, and He ++ as a function of the magnetic field intensities (Bmag). The densities of H + (around 30 cm −3) and 

Figure 5.  Spatial distributions of sodium-group (Na +-group) ions during intervals of flux transfer event (FTE) showers in 
the entry layer along with Mercury's magnetic local time (MLT) and magnetic latitude (MLAT). Colors indicate the observed 
density of the Na +-group ions. The intervals of FTE showers contain 1953 magnetopause crossings. The white contour 
includes the cusp which is determined from the spatial distributions of Alpha ions (He ++, see Figure C1).

Figure 6.  The densities of sodium-group (Na +-group) ions, protons (H +), and alpha ions (He ++) in the solar wind entry layer on the equatorward boundary of the 
northern cusp during the intervals of flux transfer event (FTE) showers. (a) the distribution of the averaged magnetic field intensity and the magnetic field lines during 
FTE shower intervals (the magnetic field lines are the same as shown in Figure 4b). The “start,” “shoulder,” and “footprint” of the entry layer are marked. (b, c) The 
variations of the observed densities of Na +-group ions (in magenta), H + (in blue), and He ++ (in green) in the entry layer along with the magnetic field intensity (Bmag). 
The magnetic field density is the averaged magnetic field intensity measured by MErcury Surface, Space ENvironment, GEochemistry, and Ranging in the entry layer. 
The dashed lines represent the linear correlation between ndensity and Bmag, that is, ndensity/Bmag = constant. The linear correlation suggests adiabatic travel of ions. In this 
figure, the measurements of the Na +-group ions, H +, and He ++ were limited in the magnetic local time (MLT) from 10:00 to 14:00.
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He ++ (around 0.6 cm −3) at the “start” of the entry layer were high and decreased until the “shoulder” of the entry 
layer, where the density was about 1 cm −3 for H + and about 0.01 cm −3 for He ++. After the “shoulder,” the densi-
ties of H + and He ++ increased almost linearly with the Bmag till reaching the “footprint” of the entry layer. The 
decrease of H + and He ++ density from the “start” to the “shoulder” implied that most of the solar wind ions trans-
ferred poleward, which would form the plasma mantle (DiBraccio et al., 2015; Jasinski et al., 2017; Sun, Slavin, 
Dewey, et al., 2020). The densities of H + and He ++ were linearly correlated with the Bmag suggesting that these 
solar wind ions adiabatically moved along the flux tubes after passing the “shoulder,” ndensity/Bmag = constant, that 
is, the plasma content was conserved along the same flux tube, and the densities of H + and He ++ near the surface 
were approximately 5 cm −3 and 0.2 cm −3, respectively. As discussed above, since the energy of the protons was 
around 1 keV, it would take around 10 s for the protons with a pitch angle of 45° to travel from the subsolar 
magnetopause to the surface underneath the cusp (about 4,000 km). Therefore, the solar wind entry layer was 
rapidly formed in less than a minute. The precipitation rates for H + and He ++ can be estimated to be 6 × 10 12 and 
4 × 10 11 m −2 s −1. Meanwhile, the surface area of the cusp was determined to be approximately 3 × 10 12 m 2 (see 
Appendix C on how the surface area of the cusp is determined), the total precipitation rate was estimated to be 
2 × 10 25 s −1 for H +, and is 1 × 10 24 s −1 for He ++.

The precipitation rate of H + was around an order of magnitude higher than the average precipitation rate over the 
cusp obtained by Winslow et al. (2012), which confirmed that intense sputtering occurred during FTE shower 
intervals at Mercury. The precipitation rate of He ++ was around an order of magnitude lower than that of the H +, 
but the He ++ ions could play a significant role in solar wind sputtering (see Szabo et al., 2018). MESSENGER 
did not provide measurements of low-energy electrons, however, electrons should be precipitated simultaneously 
at a similar or even higher rate than the H +.

4.3.  Outflowing Na +-Group Ions

Figure 7 shows the Na +-group ions pitch angle-energy distributions near the planet's surface beneath the northern 
cusp for the non-FTE shower intervals (upper panels) and FTE shower intervals (lower panels). The distribution 
in Figure 7 integrates over the FIPS measurements in the MLT from 09:00 to 15:00, MLAT from 55° to 70°, and 
altitude from 0 to 244 km (0.1 RM). In Figures 7a and 7c, most of the ions were concentrated between pitch angles 
from 60° to 150°. The distributions of scan numbers of FIPS were shown in Figures 7b and 7d, which showed that 
FIPS generally covered all pitch angles relative to the magnetic field with the accumulation of the measurements 
from many MESSENGER's orbits.

The outflowing ions were measured with a range of energies (up to a few keV) but have the highest fluxes at 
relatively low energies (<400 eV). Table 1 shows the fluxes of Na +-group ions measured at different pitch angles 
obtained from Figures 7a and 7c. We have integrated the fluxes for Na +-group ions with pitch angles from 60° 
to 150° and obtained particle fluxes of 7.4 × 10 10 and 1.1 × 10 11 m −2 s −1 for non-FTE shower intervals and 
FTE shower intervals, respectively. The flux of Na +-group ions was enhanced around 50% during FTE shower 
intervals.

5.  Discussion
5.1.  Solar Wind Sputtering Corresponds to Outflowing Na +-Group Ions

The enhanced Na +-group ions over the northern cusp were outflowing from the planet's surface. These outflow-
ing Na +-group ions should be fed by ions released from the planet's surface. In this section, we discuss the 
processes that could release particles out of the planet's surface and try to find out which process generated the 
outflowing Na +-group ions.

5.1.1.  Thermal or Photon-Stimulated Desorption, and Micrometeoroid Impact Vaporization

Thermal or photon-stimulated desorption, and micrometeoroid impact vaporization cannot directly produce the 
enhanced Na +-group ions in the entry layer of the cusp. First, no evidence shows that they can specifically impact 
the cusp region, instead thermal and photon-stimulated desorption would generate an exospheric peak at the 
subsolar of the surface (Domingue et al., 2014; Killen et al., 2007). Micrometeoroid impact vaporization would 
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be higher near the apex of Mercury's orbit (on the dawnside hemisphere) and other sporadic micrometeoroid 
impact vaporizations are expected to randomly impact the planet's surface, which is unlikely distributed simul-
taneously as double peaks at northern and southern hemispheres (Pokorný et al., 2018). Second, the processes 
of thermal and photon-stimulated desorptions correspond to long-term variations (days), that is, their timescales 
are much longer than the 1-min response time during FTE showers. Third, although micrometeoroid impact 
vaporization can cause a response on the timescale similar to the FTE showers (Mangano et  al., 2007), they 
should not be correlated with the magnetospheric activity that is caused by FTE showers.

5.1.2.  Electron-Stimulated Desorption and Electron Impact Ionization

The solar wind contains electrons of high fluxes, which is higher than the values of proton fluxes. Electron-stim-
ulated desorption is another important source for releasing Na neutral (McLain et  al.,  2011; Yakshinskiy & 
Madey, 2000), and Na + and potassium ions (K +) (McLain et al., 2011). Ions resulting from the electron-stimulated 

Figure 7.  Fast Imaging Plasma Spectrometer (FIPS) measurements of the pitch angle-energy distribution of the Na +-group ions near the planet's surface beneath the 
northern cusp. The integration areas include magnetic local time (MLT) from 09:00 to 15:00, magnetic latitude (MLAT) from 55° to 70°, and altitude from 0 to 244 km 
(0.1 RM). The pitch angle bin size is 10°. Upper panels (a, b) are for the non-FTE shower intervals and lower panels (c, d) are for flux transfer event (FTE) shower 
intervals. Panels on the left (a, c) show the distributions of the differential particle flux (cm −2 s −1 keV −1 sr −1). Panels on the right (b, d) show the distributions of the 
number of scans made by FIPS in each pitch angle bin.



Journal of Geophysical Research: Space Physics

SUN ET AL.

10.1029/2022JA030280

10 of 19

desorption are unlikely to have high velocities or large gyro-radii and would 
therefore remain attach to the planet's surface, which might enhance the 
effectiveness of the ion sputtering.

The electron impact ionization can contribute to the ionizations of neutrals in 
the atmosphere of Comets (Cravens et al., 1987), Venus and Mars (Ramstad 
& Barabash, 2021). In Figure 8, we make an estimation of electron ionization 
of neutral Na near Mercury's surface in the solar wind entry layer. The solar 
wind electron density is assumed to be comparable to the solar wind proton 
number density, ne ∼ 30 cm −3, and the electron temperature is assumed to 
be 100 eV. The ionization frequency due to electrons can be calculated from

𝑅𝑅𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑛𝑛𝑒𝑒
∫

∞

𝑣𝑣𝑝𝑝𝑝𝑝𝑝𝑝

𝑣𝑣𝑒𝑒𝜎𝜎𝑠𝑠 (𝑣𝑣𝑒𝑒) 𝑓𝑓 (𝑣𝑣𝑒𝑒) 4𝜋𝜋𝜋𝜋
2
𝑒𝑒𝑑𝑑𝑑𝑑𝑒𝑒�

(Cravens et al., 1987). The 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝 is the velocity corresponding to the ionization 
potential of Na (around 5 eV); 𝐴𝐴 𝐴𝐴𝑠𝑠 is the electron ionization cross section of Na, 
which is a function of the electron velocity (ve). Here we employ the 𝐴𝐴 𝐴𝐴𝑠𝑠 from 
Lotz (1967). The ionization frequency is estimated to be 1 × 10 −6 s −1.

Considering a surface density of 1 × 10 4 cm −3 and the scale height of 100 km 
for the neutral Na (Cassidy et  al.,  2015) (Figure  8a), the production rate 
of Na + at the altitude of ∼100 km is estimated to be ∼2 × 10 −3 cm −3  s −1 
(Figure 8b). The surface density of neutral Na in Figure 8a corresponds to the 
upper value of neutral Na near the terminator of Mercury. The scale height 
corresponds to an average value (see Cassidy et al., 2015).

If the bombarding from the solar wind electrons lasts around 3 s, the ionized 
Na + can have a density of approximately 0.01 cm −3. The cusp filament lasts 
around 3 s on average (Poh et al., 2016), which corresponds to the bombard-
ing associated with solar wind precipitation. The observed density of Na + 
was 0.6 cm −3, which indicates that the density of Na + was around 2 cm −3 

(0.6 cm −3 × 𝐴𝐴 4𝜋𝜋 /1.15 𝐴𝐴 𝐴𝐴 ). Therefore, we conclude that electron ionization contributes less than 1% of the Na + 
observed in the solar wind entry layer.

5.1.3.  Solar Wind Ions Sputtering

In Figure 6, from the “start” to the “shoulder,” the densities of solar wind H + and He ++ decreased indicating 
that they convected poleward. However, the enhancement of the Na +-group ions suggested the Na +-group ions 
were piled up in the entry layer from the start to the shoulder, which indicated that the Na +-group ions were 
continuously generated and outflowing from the planet's surface. Those outflowing Na +-group ions in Figure 7 
were close to the planet's surface with an altitude from 0 to 244 km. The sputtering of solar wind energetic ions 
can release atoms/ions from the planet's regolith with energies up to a few hundreds eV (Hofer, 1991; Sieveka & 
Johnson, 1984; Sigmund, 1969; Mura et al., 2007). However, only a small fraction of atoms were in the energy 
higher than 10 eV, which could not account for the high particle flux of a few hundred eV to a few keV of the 
Na +-group ions observed in Figure 7.

Another feature was that the flux of the Na +-group ions was enhanced (>50%) during FTE shower intervals, 
which was another evidence that they were generated by the solar wind sputtering. Considering the precipitation 
rate of H + is 6 × 10 12 m −2 s −1 and the outflowing particle flux of the Na +-group ions is 1 × 10 11 m −2 s −1 during 
FTE shower intervals, the yield for the sputtered Na +-group ions can be calculated to be approximately 2%. 
Those sputtered ions would be first tied to the magnetic field line in the solar wind entry layer by the Lorentz 
force. If they could reach high enough altitudes, they would then be accelerated by the convection electric field 
in the entry layer, which was driven by the potential drop associated with the dayside magnetopause reconnec-
tion since the magnetic field lines in the entry layer were newly opened by the magnetopause reconnection. This 
process could be similar to the pickup process of Na + test particles shown in Glass et al. (2021). Those authors 
suggested that the large-scale magnetospheric convection electric field energized Na + test particles from very 

Pitch angle 
(°)

FTE shower intervals Non-FTE shower intervals

Flux 
(cm −2 s −1 sr −1)

Number of 
counts

Flux 
(cm −2 s −1 sr −1)

Number 
of counts

0–10 3.9 × 10 4 1 1.3 × 10 5 4

10–20 9.1 × 10 4 2 7.0 × 10 4 9

20–30 2.5 × 10 5 60 1.7 × 10 5 25

30–40 1.7 × 10 5 5 1.4 × 10 5 18

40–50 1.5 × 10 5 10 2.0 × 10 5 26

50–60 3.3 × 10 5 15 6.0 × 10 5 34

60–70 1.1 × 10 6 48 6.3 × 10 5 74

70–80 1.2 × 10 6 100 8.3 × 10 5 159

80–90 1.4 × 10 6 137 8.8 × 10 5 197

90–100 1.5 × 10 6 176 9.5 × 10 5 242

100–110 1.7 × 10 6 179 9.9 × 10 5 250

110–120 1.6 × 10 6 138 9.4 × 10 5 186

120–130 1.2 × 10 6 77 9.0 × 10 5 128

130–140 1.1 × 10 6 33 8.6 × 10 5 62

140–150 2.9 × 10 5 21 6.3 × 10 5 37

150–160 1.8 × 10 5 14 9.6 × 10 4 18

160–170 8.1 × 10 4 7 6.5 × 10 4 11

170–180 1.1 × 10 5 3 2.4 × 10 4 2

Table 1 
The Flux of Na +-group Ions Near Mercury's Surface Underneath the Cusp, 
Which Corresponds to the Pitch Angle-Energy Distribution in Figure 7
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low altitudes on the dayside enough that they could gyrate through the magnetopause. The Na + ion does not 
need very high velocity to reach the observed a few hundred eV to keV energy. The 1 keV Na + ion corresponds 
to a speed of ∼90 km/s.

The potential differences between the Mercury's surface and MESSENGER's FIPS might provide initial energy 
for the Na + ion, enough to reach the convection electric field of the entry layer. We do not know the potential 
for either of them but they should be both positively charged since the photoelectron current would be a major 
current source. The Japanese lunar orbiter SELENE (Kaguya) provide such measurement of Moon-originating 
ions when SELENE was located in Earth's magnetosphere (Saito et al., 2010; Tanaka et al., 2009). However, the 
exact acceleration mechanism for these observed a few hundred eV to keV Na +-group ions near Mercury's surface 
is still unknown.

When the sputtered ions moving antiplanetward along the magnetic field lines, that is, outflowing, reach higher 
altitudes, they would be subject to centrifugal acceleration (Delcourt et al., 2012) and they would also encounter 
the solar wind convection electric field and be accelerated further (also see Glass et al., 2021; Raines et al., 2014). 
Once in the magnetosheath, they would move along the magnetopause and reach keV energies before passing 
through the cusp (at similar altitudes to our observations in Figures 1b and 3).

Note that the Na +-group ions were less dense but did not disappear during the non-FTE shower intervals. These 
could be because (a) the solar wind sputtering did not completely disappear as the cusp existed during both FTE 

Figure 8.  Estimation of electron impact ionization of neutral Na. Upper panel (a): the density profile of neutral Na along 
with height, that is, altitude; Bottom panel (b): the production rate of Na + ions due to electron impact ionization along with 
height. The surface density of the neutral Na is 1 × 10 4 cm −3 with a scale height of 100 km. The electron temperature is set to 
be 100 eV. The neutral Na with the density of 1 × 10 4 cm −3 corresponds to the upper value of neutral Na near the terminator 
of Mercury.
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shower intervals and non-FTE shower intervals; (b) those photoionized ions were accelerated by the solar wind 
and transferred into the magnetosphere (Jasinski, Cassidy, et al., 2021; Raines et al., 2014; Sarantos et al., 2009; 
Wurz et al., 2019).

5.2.  Ion Escape Channel at Mercury

The integration over the entry layer with MLT from 06:00 to 18:00 gave a Na +-group ions content of around 
1 × 10 25. Considering a convection speed of 200 km/s and a scale of 1.36 RM of the entry layer, the average trans-
port rate of Na +-group ions from the dayside to the nightside can be estimated to be around 6 × 10 23 s −1. Note 
that (a) we used the Alfvén speed at the start of the entry layer (approximately 230 km/s) to be the approximate 
convection speed; (b) this transport rate only considered the Na +-group ions in the entry layer in the northern 
hemisphere. The whole transport rate considering both northern and southern hemispheres should be double the 
6 × 10 23 s −1 and was approximately 1 × 10 24 s −1.

The transport rate of the Na +-group ions (1 × 10 24 s −1) from the dayside to the nightside is comparable to the 
neutral Na escape rate (0.5–1.3 × 10 24 s −1) in the Na tail (Schmidt et al., 2010), which is primarily caused by 
the radiation-pressure-induced acceleration (Ip,  1986) and therefore is highly variable along Mercury's year. 
However, it is not clear what proportion of the estimated Na +-group ions transport rate is due to Na + ion. In the 
northern hemisphere of Mercury, the surface chemical composition (in wt %) for Na is 5.74%, Mg is 7.55%, Al is 
6.04%, Si is 30.19% (McCoy et al., 2018). The neutral Na, therefore, forms around 11% of all four of these species 
at the surface. If we assumed that Na + ion was present in the same proportion as the surface composition of the 
Na +-group species, then the transport rate of Na + ion was around 1 × 10 23 s −1, which was several times lower 
than the escape rate of neutral Na in the Na tail. We note that there was no evidence that the Na + ion was in the 
same proportion as the neutral Na at the surface. A lack of in situ/laboratory experiments in this area meant we 
had to make this simple assumption.

The transport of Na +-group ions during the FTE showers was likely an escape channel for Mercury's planetary 
ions, which was driven by the solar wind-magnetosphere-surface coupling process and was different from the 
constant exospheric sodium loss due to the photoionization of the sodium exosphere. Photoionization removes 
approximately 0.9–4 × 10 24 ions/s of Na +-group ions from the exosphere, with variations driven by seasons 
(Jasinski, Cassidy, et al., 2021). Our study focuses on short (minutes) timescales of the high latitude regions, 
while photoionization produces long-term (seasonal) variation of the global exosphere. Ion escape is observed 
in the inner planets of our solar system, that is, Mercury, Venus, Earth and Mars. The O + ions escape from the 
dayside polar cap region at Earth at rates of 10 24 to 10 26 s −1 (Slapak et al., 2017, 2018). The energetic ion plume 
of escaping O + ions observed in the induced magnetospheres at Mars is at the rate of 10 24 to 10 25 s −1 (Lundin 
et al., 2013) and Venus at approximately 10 25 s −1 (McComas et al., 1986). For those planets without a global 
intrinsic magnetic field, that is, Mars and Venus, the escape ions are ionized by the solar ultraviolet (UV), elec-
tron impact ionization, or due to charge exchanges, which forms a constant escape channel (Dubinin et al., 2011; 
Ramstad & Barabash,  2021). The escape of O + at Earth depends on the solar wind parameters (Schillings 
et al., 2019; Slapak et al., 2017), which is similar to the escape channel of Na +-group ions found in this study.

5.3.  Influence on Neutral Exosphere

In this section, we discuss how the solar wind sputtering influences the neutral Na exosphere at Mercury. At 
first, we estimate the surface density of neutral Na by considering the surface release flux of the Na +-group ions.

If we assumed that the Na + ions formed 11% of the Na +-group ions that were released from the surface by 
solar wind particles during FTE shower intervals (Figure 7c and Table 1), similar to the previous assumption in 
Section 5.2, then the release flux of Na + ions in the northern hemisphere was around 1 × 10 10 m −2 s −1. Since 
the sputtered Na + ions account for only 5–10% of the sputtered atoms (Benninghoven, 1975; Hofer, 1991), the 
sputtered neutral Na would approximately be an order of magnitude higher, which is around 1 × 10 11 m −2 s −1. The 
exospheric density of the neutral Na at the surface (nsurf) can be estimated from

𝑛𝑛surf = 𝑓𝑓Na∕𝑣𝑣release,�
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where vrelease is the release velocity of neutral Na. The sputtering energy spectrum peaks at around one eV. Thus, 
we consider vrelease to be 3 km/s on average. As a result, nsurf ∼ 3 × 10 7 m −3.

The exospheric surface densities of neutral Na range from 10 9 to 10 11 atoms/m 3 near Mercury's subsolar point 
and from 10 8 to 10 10 atoms/m 3 near the terminator (Cassidy et al., 2015). Hence, the FTE shower, on average, 
could likely enhance a considerable portion (𝐴𝐴 𝐴 10%) of the neutral Na in the cusp region through sputtering in 
minutes, which can likely cause the short-term variations of the Na emissions observed by ground-based tele-
scope (Massetti et al., 2017; Orsini et al., 2018). Our study provides clear evidence that dayside magnetopause 
reconnection, specifically FTE showers, injects solar wind ions into the cusps and enhance the Na +-group ions 
in the high latitude magnetosphere. However, the causes of the short-term variability of the neutral Na exosphere 
could be more complex. This study provides a candidate, specifically FTE showers, for causing the short-term 
variations, which does not exclude that other processes might additionally cause short-term variations of the 
neutral Na exosphere.

Second, we can obtain the surface density of neutral Na by considering the estimated impact of solar wind proton 
fluxes and the known parameters derived for sputtering from the analytical model or laboratory. In the exospheric 
circulation models (Mura et al., 2007; Orsini et al., 2021), similar solar wind impact flux (10 13 m −2 s −1) can 
produce an exospheric surface density of neutral Na of 10 8 m −3. Moreover, we can employ the sputtering yield 
derived from laboratory experiments. The estimated solar wind proton impact flux is fimpact ∼ 1 × 10 13 m −2 s −1. 
The sputtered neutral Na,

𝐹𝐹Na = 𝑓𝑓impact × 𝑦𝑦 × 𝐶𝐶𝐶�

where y is the yield (number of atoms released for each impacting ion) with a maximum measured value of 0.08 
(Lammer et al., 2003; Johnson & Baragiola, 1991) and C is the relative surface composition for Na, which at 
maximum is 0.06 (Peplowski et al., 2014). Hence, the maximum FNa is around 5 × 10 10 m −2 s −1. Then, dividing 
by the vrelease, the nsurf is estimated to be approximately 2 × 10 7 m −3.

There are differences between the models and the estimation based on the sputtered Na +. The nsurf (3 × 10 7 m −3) 
in this study, which is estimated from the sputtered Na +-group ions, is more close to the nsurf (2 × 10 7 m −3) esti-
mated from the sputtering yield derived from laboratory experiments, but they are several times smaller than the 
value (10 8 m −3) obtained from the exospheric circulation models. The differences are not large and are within an 
order of magnitude. These differences could be due to several processes that have not been studied. For example, 
(a), the production rate of neutral Na depends on several factors, including temperature, the composition of the 
surface, and mineralogy (Killen et al., 2007). Weider et al. (2015) provided the global mapping of major elements 
on the surface of Mercury. However, the mineralogy about surface bounds still has not been well derived; (b) 
the solar wind includes alpha ions (He ++) with a precipitation rate of around 1 × 10 24 s −1. The He ++ ions could 
enhance the yield of the sputtering (Szabo et al., 2018). The solar wind also includes a large portion of electrons. 
The electron-stimulated desorption could also affect the release of neutrals and ions from the planet's surface.

6.  Further Impact and Future Mission
The results from this study can influence a variety of aspects. Not only is solar wind-magnetopause reconnec-
tion important for directly influencing the exospheric dynamics and planetary ion escape at Mercury, but also 
magnetic reconnection can input explosive energy from the solar or a stellar wind into the magnetosphere of 
planets or an exoplanet under intense external driving (Barclay et al., 2013) similar to Mercury. For example, 
Ganymede, one of the Galilean moons, has a global magnetic field (Kivelson et al., 1996) and is located in a 
sub-Alfvénic corotation flow in Jupiter's magnetosphere. The sub-Alfvénic flow refers to flow speed smaller 
than the background Alfvén speed, and therefore corresponds to low MA. In a recent simulation study, Zhou 
et al. (2019, 2020) show that magnetic reconnection can frequently generate magnetic flux ropes on the magne-
topause and input a significant amount of energy into Ganymede's magnetosphere. Exoplanets with a global 
magnetic field close to their primary stars could be exposed to similar low MA stellar wind (Ip et al., 2004). At 
those planets, intense magnetic reconnection can be expected to occur that leads to efficient transport of plasma 
and energy from the stellar wind into the planet's atmosphere or surface, which can facilitate atmospheric escape, 
as simulated by Egan et al. (2019), and therefore affect the habitability of planets and exoplanets.
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A joint European Space Agency (ESA)-Japan Aerospace Exploration Agency (JAXA) mission, BepiColombo 
(Milillo et  al.,  2020), consisting of the Mercury Planetary Orbiter (MPO) and the Mercury Magnetospheric 
Orbiter (MMO, or Mio), made its first flyby of Mercury in October 2021 with Mercury orbit insertion sched-
uled in late 2025 or early 2026. BepiColombo will provide many comprehensive measurements on Mercury's 
magnetosphere and exosphere, especially those higher resolutions measurements for different ion species, that is, 
Mercury Plasma Particle Experiment (MPPE) (Saito et al., 2021) onboard Mio, and neutrals, that is, Search for 
Exospheric Refilling and Emitted Natural Abundances (SERENA) (Orsini et al., 2021). Moreover, MPO and Mio 
will have much broader altitudinal coverage of both northern and southern cusps than MESSENGER was able 
to achieve. At times, one spacecraft will serve as a solar wind monitor to the other spacecraft inside the magne-
tosphere. The impact of magnetopause reconnection on Mercury's exospheric dynamics will be investigated in 
much detail.

Appendix A:  Hall Magnetohydrodynamics (MHD) Simulation
The simulation result is shown in Figure 1 (right panel) and is extracted from a global Hall-MHD simulation of 
Mercury's magnetosphere. The simulation is performed using the Hall-MHD version of the Block-Adaptive Tree 
Solarwind Roe-type Upwind Scheme (BATS-R-US) code (Tóth et al., 2012) that enables us to properly simulate 
fast magnetic reconnection on the magnetopause. In our resistive, Hall-MHD treatment, the generalized Ohm's 
law reads as: 𝐴𝐴 ⃖⃖⃗𝐸𝐸 = 𝜂𝜂⃖⃖⃗𝐽𝐽 − ⃖⃗𝑢𝑢 × ⃖⃖⃗𝐵𝐵 +

1

𝑛𝑛𝑛𝑛

⃖⃖⃗𝐽𝐽 × ⃖⃖⃗𝐵𝐵 , where 𝐴𝐴 𝐴𝐴⃖⃖⃗𝐽𝐽  is the resistivity term, 𝐴𝐴 ⃖⃗𝑢𝑢 , n, and 𝐴𝐴 ⃖⃖⃗𝐵𝐵 are plasma velocity, density, 
and magnetic field, respectively. The Hall-term (the last term on the right-hand side of the above equation) is 
important for plasma dynamics on scales shorter than ion inertial scale lengths, but greater than electron inertial 
scale lengths. The magnetic field lines are frozen to the electron fluid but not to the ion fluid due to the Hall 
effect. It has been demonstrated that Hall-MHD appears to be the minimal modification required for an MHD 
code to reproduce the fast reconnection process seen in particle and hybrid simulations (Birn et al., 2001; Chen 
et al., 2019). Our global Hall-MHD model also electromagnetically couples Mercury's interior to the surrounding 
magnetosphere, allowing us to directly simulate the induction effect arising from Mercury's large-size conducting 
core (Jia et al., 2015, 2019). This is achieved primarily through the resistivity term included in the generalized 
Ohm's law, for which different resistivity (or inversely conductivity) values are prescribed to represent different 
electrical properties of the planet's mantle and core.

Appendix B:  Derivation and Trace of Magnetic Field Lines
The measurements of the magnetic field vector during the FTE shower intervals and the non-FTE shower inter-
vals are averaged over the dayside magnetosphere, respectively. In Figures 4 and 6, the magnetic field lines are 
derived from the averaged magnetic field vectors within the local times from 10 to 14 MLT. Figure B1 shows 
the spatial distributions of magnetic field intensity and the magnetic field lines during intervals of FTE showers 
and intervals of non-FTE showers. FTE shower intervals contain 1953 dayside magnetosphere crossings, and 
non-FTE shower intervals contain 1795 dayside magnetosphere crossings.

In Figure 6, we have traced the magnetic field lines in the solar wind entry layer, which is the shaded region 
between the closed and open magnetic field lines as shown on the left panel. The starting point is indicated by 
the “Start,” and the endpoint the “Footprint.” The magnetic field intensity and the densities of ion species are 
obtained through average over the entire entry layer within the MLT from 12 to 14 MLT.
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Appendix C:  Determination of Surface Area of Cusp
The area of the northern cusp is determined from the distribution of the alpha ions (He ++) measured by FIPS. 
Figure C1 includes a spatial distribution of the alpha ions during the intervals of FTE showers and non-FTE-show-
ers, respectively, along Mercury's magnetic local time (MLT) and magnetic latitude (MLAT). The northern cusp 
is defined to be the area in the high latitude with the densities of the alpha ions being larger than 0.03 cm −3. 
The area of the cusp is calculated from 𝐴𝐴 𝐴𝐴2 × cos(MLAT) × ΔMLONG × ΔMLAT , where r represents the radial 
length, ∆MLONG is the width of the angle along the magnetic longitude (i.e., the MLT), and ∆MLAT is the 
width of the angle along the magnetic latitude. The ∆MLAT is not a constant along different MLT. We calculate 
the value of the area in each grid of MLT and then integrate them. The surface area (A) is estimated to be around 
3 × 10 12 m 2.

Figure B1.  Spatial distributions of magnetic field intensity and the derived magnetic field lines during intervals of flux transfer event (FTE) showers (left) and 

intervals of non-FTE showers (right) in the Rxy-Z plane (Rxy =  𝐴𝐴

√

𝑋𝑋2

aMSO
+ 𝑌𝑌 2

aMSO
 ). Colors indicate the observed magnetic field intensity from MErcury Surface, Space 

ENvironment, GEochemistry, and Ranging, which were averaged in the magnetic local time (MLT) from 10:00 to 14:00. The white lines represent the magnetic field 
lines derived through the averaged magnetic field intensities. The left figure during the intervals of FTE showers, there are few curved magnetic field lines on the outer 
edge, which should be signatures of magnetic reconnection or FTEs. On the right figure, the magnetic field lines are smooth.

Figure C1.  Spatial distributions of Alpha (He ++) particles during the intervals of FTE showers (left) versus intervals without FTE showers (right) along Mercury's 
magnetic local time (MLT) and magnetic latitude (MLAT). Colors indicate the observed density of He ++. The white contours include regions with He ++ density higher 
than 0.03 cm −3.
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Data Availability Statement
MESSENGER data are available through the Planetary Plasma Interactions (PPI) Node of the NASA Planetary 
Data System (PDS) at https://pds-ppi.igpp.ucla.edu/. The magnetic field data measured by MAG are availa-
ble at https://pds-ppi.igpp.ucla.edu/search/view/?f=yes&id=pds://PPI/MESS-E_V_H_SW-MAG-3-CDR-CAL-
IBRATED-V1.0, the ion data measured by FIPS are available at https://pds-ppi.igpp.ucla.edu/search/
view/?f=yes&id=pds://PPI/MESS-E_V_H_SW-EPPS-3-FIPS-DDR-V2.0. The list of Mercury's dayside magne-
topause crossings (3,748 crossings) made by MESSENGER from 11 March 2011 to 30 April 2015 is available 
at the supporting information of Sun, Slavin, Smith et al. [2020], https://doi.org/10.1029/2020GL089784. The 
model data were obtained from simulations using the SWMF/BATSRUS code developed at the University of 
Michigan, which is publicly available at http://csem.engin.umich.edu/tools/swmf/.

References
Anderson, B. J., Acuña, M. H., Lohr, D. A., Scheifele, J., Raval, A., Korth, H., & Slavin, J. A. (2007). The magnetometer instrument on MESSEN-

GER. Space Science Reviews, 131(1), 417–450. https://doi.org/10.1007/s11214-007-9246-7
Anderson, B. J., Johnson, C. L., Korth, H., Winslow, R. M., Borovsky, J. E., Purucker, M. E., et al. (2012). Low-degree structure in Mercury's 

planetary magnetic field. Journal of Geophysical Research, 117, E00L12. https://doi.org/10.1029/2012JE004159
Andrews, G. B., Zurbuchen, T. H., Mauk, B. H., Malcom, H., Fisk, L. A., Gloeckler, G., et al. (2007). The energetic particle and plasma spec-

trometer instrument on the MESSENGER spacecraft. Space Science Reviews, 131(1), 523–556. https://doi.org/10.1007/s11214-007-9272-5
Barclay, T., Rowe, J. F., Lissauer, J. J., Huber, D., Fressin, F., Howell, S. B., et al. (2013). A sub-Mercury-sized exoplanet. Nature, 494(7438), 

452–454. https://doi.org/10.1038/nature11914
Benninghoven, A. (1975). Developments in secondary ion mass spectroscopy and applications to surface studies. Surface Science, 53(1), 

596–625. https://doi.org/10.1016/0039-6028(75)90158-2
Birn, J., Drake, J. F., Shay, M. A., Rogers, B. N., Denton, R. E., Hesse, M., et al. (2001). Geospace environmental modeling (GEM) magnetic 

reconnection challenge. Journal of Geophysical Research, 106(A3), 3715–3719. https://doi.org/10.1029/1999JA900449
Broadfoot, A. L., Kumar, S., Belton, M. J. S., & McElroy, M. B. (1974). Mercury's atmosphere from Mariner 10: Preliminary results. Science, 

185(4146), 166–169. https://doi.org/10.1126/science.185.4146.166
Cassidy, T. A., Merkel, A. W., Burger, M. H., Sarantos, M., Killen, R. M., McClintock, W. E., & Vervack, R. J. (2015). Mercury’s seasonal sodium 

exosphere: MESSENGER orbital observations. Icarus, 248, 547–559. https://doi.org/10.1016/j.icarus.2014.10.037
Chen, Y., Tóth, G., Jia, X., Slavin, J. A., Sun, W., Markidis, S., et al. (2019). Studying dawn-dusk asymmetries of Mercury's magnetotail using 

MHD-EPIC simulations. Journal of Geophysical Research: Space Physics, 124, 8954–8973. https://doi.org/10.1029/2019JA026840
Cravens, T. E., Kozyra, J. U., Nagy, A. F., Gombosi, T. I., & Kurtz, M. (1987). Electron impact ionization in the vicinity of comets. Journal of 

Geophysical Research, 92(A7), 7341–7353. https://doi.org/10.1029/JA092iA07p07341
Delcourt, D. C., Seki, K., Terada, N., & Moore, T. E. (2012). Centrifugally stimulated exospheric ion escape at Mercury. Geophysical Research 

Letters, 39, L22105. https://doi.org/10.1029/2012GL054085
DiBraccio, G. A., Slavin, J. A., Boardsen, S. A., Anderson, B. J., Korth, H., Zurbuchen, T. H., et al. (2013). MESSENGER observations of 

magnetopause structure and dynamics at Mercury. Journal of Geophysical Research: Space Physics, 118, 997–1008. https://doi.org/10.1002/
jgra.50123

DiBraccio, G. A., Slavin, J. A., Raines, J. M., Gershman, D. J., Tracy, P. J., Boardsen, S. A., et al. (2015). First observations of Mercury's plasma 
mantle by MESSENGER. Geophysical Research Letters, 42, 9666–9675. https://doi.org/10.1002/2015GL065805

Domingue, D. L., Chapman, C. R., Killen, R. M., Zurbuchen, T. H., Gilbert, J. A., Sarantos, M., et al. (2014). Mercury’s weather-beaten surface: 
Understanding Mercury in the context of lunar and asteroidal space weathering studies. Space Science Reviews, 181(1), 121–214. https://doi.
org/10.1007/s11214-014-0039-5

Dubinin, E., Fraenz, M., Fedorov, A., Lundin, R., Edberg, N., Duru, F., & Vaisberg, O. (2011). Ion energization and escape on Mars 
and Venus. In K.Szego (Ed.), The plasma environment of Venus, Mars, and Titan (pp. 173–211). New York: Springer. https://doi.
org/10.1007/978-1-4614-3290-6_6

Egan, H., Jarvinen, R., Ma, Y., & Brain, D. (2019). Planetary magnetic field control of ion escape from weakly magnetized planets. Monthly 
Notices of the Royal Astronomical Society, 488(2), 2108–2120. https://doi.org/10.1093/mnras/stz1819

Gershman, D. J., Slavin, J. A., Raines, J. M., Zurbuchen, T. H., Anderson, B. J., Korth, H., et al. (2013). Magnetic flux pileup and plasma depletion in 
Mercury's subsolar magnetosheath. Journal of Geophysical Research: Space Physics, 118, 7181–7199. https://doi.org/10.1002/2013JA019244

Glass, A. N., Raines, J. M., Jia, X., Tenishev, V., Shou, Y., Aizawa, S., & Slavin, J. A. (2021). A 3D MHD-particle tracing model of Na+ energi-
zation on Mercury's dayside. Journal of Geophysical Research: Space Physics, 126, e2021JA029587. https://doi.org/10.1029/2021JA029587

Hofer, W. O. (1991). Angular, energy, and mass distribution of sputtered particles. In R.Behrisch, & K.Wittmaack (Eds.), Sputter-
ing by particle bombardment III: Characteristics of sputtered particles, technical applications (pp. 15–90). Berlin: Springer. https://doi.
org/10.1007/3540534288_16

Ip, W.-H. (1986). The sodium exosphere and magnetosphere of Mercury. Geophysical Research Letters, 13(5), 423–426. https://doi.org/10.1029/
GL013i005p00423

Ip, W.-H., Kopp, A., & Hu, J.-H. (2004). On the star-magnetosphere interaction of close-in exoplanets. The Astrophysical Journal, 602(1), L53–
L56. https://doi.org/10.1086/382274

James, M. K., Imber, S. M., Bunce, E. J., Yeoman, T. K., Lockwood, M., Owens, M. J., & Slavin, J. A. (2017). Interplanetary magnetic 
field properties and variability near Mercury's orbit. Journal of Geophysical Research: Space Physics, 122, 7907–7924. https://doi.
org/10.1002/2017JA024435

Jasinski, J. M., Akhavan-Tafti, M., Sun, W., Slavin, J. A., Coates, A. J., Fuselier, S. A., et al. (2021). Flux transfer events at a reconnection-sup-
pressed magnetopause: Cassini observations at Saturn. Journal of Geophysical Research: Space Physics, 126, e2020JA028786. https://doi.
org/10.1029/2020JA028786

Acknowledgments
The MESSENGER project was supported 
by the NASA Discovery Program under 
Contracts NASW-00002 to the Carnegie 
Institution of Washington and NAS5-
97271 to The Johns Hopkins University 
Applied Physics Laboratory. We thank 
S. C. Solomon and the MESSENGER 
team for the successful operation of the 
spacecraft, and the instrument teams of 
FIPS from the University of Michigan, 
Ann Arbor, and MAG from the NASA 
Goddard Space Flight Center, Greenbelt, 
and the Johns Hopkins University 
Applied Physics Laboratory. We thank 
the team of SWMF/BATSRUS at the 
University of Michigan, Ann Arbor. 
W. J. S. and J. A. S. were supported by 
NASA Grants 80NSSC21K0052 and 
80NSSC18K1137. J. M. J. acknowledges 
support from the Jet Propulsion Labora-
tory, California Institute of Technology, 
under a contract with NASA as well 
as NASA's Discovery Data Analysis 
Program (Grant No. 80NM0018F0612). 
W. J. S. thanks Markus Fränz (MPI fuer 
Sonnensystemforschung) and Yong Wei 
(Institute of Geology and Geophysics, 
Chinese Academy of Sciences) for the 
helpful discussions.

https://pds-ppi.igpp.ucla.edu/
https://pds-ppi.igpp.ucla.edu/search/view/?f=yes%26id=pds://PPI/MESS-E_V_H_SW-MAG-3-CDR-CALIBRATED-V1.0
https://pds-ppi.igpp.ucla.edu/search/view/?f=yes%26id=pds://PPI/MESS-E_V_H_SW-MAG-3-CDR-CALIBRATED-V1.0
https://pds-ppi.igpp.ucla.edu/search/view/?f=yes%26id=pds://PPI/MESS-E_V_H_SW-EPPS-3-FIPS-DDR-V2.0
https://pds-ppi.igpp.ucla.edu/search/view/?f=yes%26id=pds://PPI/MESS-E_V_H_SW-EPPS-3-FIPS-DDR-V2.0
https://doi.org/10.1029/2020GL089784
http://csem.engin.umich.edu/tools/swmf/
https://doi.org/10.1007/s11214-007-9246-7
https://doi.org/10.1029/2012JE004159
https://doi.org/10.1007/s11214-007-9272-5
https://doi.org/10.1038/nature11914
https://doi.org/10.1016/0039-6028(75)90158-2
https://doi.org/10.1029/1999JA900449
https://doi.org/10.1126/science.185.4146.166
https://doi.org/10.1016/j.icarus.2014.10.037
https://doi.org/10.1029/2019JA026840
https://doi.org/10.1029/JA092iA07p07341
https://doi.org/10.1029/2012GL054085
https://doi.org/10.1002/jgra.50123
https://doi.org/10.1002/jgra.50123
https://doi.org/10.1002/2015GL065805
https://doi.org/10.1007/s11214-014-0039-5
https://doi.org/10.1007/s11214-014-0039-5
https://doi.org/10.1007/978-1-4614-3290-6_6
https://doi.org/10.1007/978-1-4614-3290-6_6
https://doi.org/10.1093/mnras/stz1819
https://doi.org/10.1002/2013JA019244
https://doi.org/10.1029/2021JA029587
https://doi.org/10.1007/3540534288_16
https://doi.org/10.1007/3540534288_16
https://doi.org/10.1029/GL013i005p00423
https://doi.org/10.1029/GL013i005p00423
https://doi.org/10.1086/382274
https://doi.org/10.1002/2017JA024435
https://doi.org/10.1002/2017JA024435
https://doi.org/10.1029/2020JA028786
https://doi.org/10.1029/2020JA028786


Journal of Geophysical Research: Space Physics

SUN ET AL.

10.1029/2022JA030280

17 of 19

Jasinski, J. M., Cassidy, T. A., Raines, J. M., Milillo, A., Regoli, L. H., Dewey, R., et al. (2021). Photoionization loss of Mercury's sodium 
exosphere: Seasonal observations by MESSENGER and the THEMIS telescope. Geophysical Research Letters, 48, e2021GL092980. https://
doi.org/10.1029/2021GL092980

Jasinski, J. M., Regoli, L. H., Cassidy, T. A., Dewey, R. M., Raines, J. M., Slavin, J. A., et  al. (2020). A transient enhancement of Mercu-
ry’s exosphere at extremely high altitudes inferred from pickup ions. Nature Communications, 11(1), 4350. https://doi.org/10.1038/
s41467-020-18220-2

Jasinski, J. M., Slavin, J. A., Raines, J. M., & DiBraccio, G. A. (2017). Mercury's solar wind interaction as characterized by magnetospheric 
plasma mantle observations with MESSENGER. Journal of Geophysical Research: Space Physics, 122, 12153–112169. https://doi.
org/10.1002/2017JA024594

Jia, X., Slavin, J. A., Gombosi, T. I., Daldorff, L. K. S., Toth, G., & van der Holst, B. (2015). Global MHD simulations of Mercury's magneto-
sphere with coupled planetary interior: Induction effect of the planetary conducting core on the global interaction. Journal of Geophysical 
Research: Space Physics, 120, 4763–4775. https://doi.org/10.1002/2015JA021143

Jia, X., Slavin, J. A., Poh, G., DiBraccio, G. A., Toth, G., Chen, Y., et  al. (2019). MESSENGER observations and global simulations of 
highly Compressed magnetosphere events at Mercury. Journal of Geophysical Research: Space Physics, 124, 229–247. https://doi.
org/10.1029/2018JA026166

Johnson, R. E., & Baragiola, R. (1991). Lunar surface: Sputtering and secondary ion mass spectrometry. Geophysical Research Letters, 18(11), 
2169–2172. https://doi.org/10.1029/91GL02095

Killen, R., Cremonese, G., Lammer, H., Orsini, S., Potter, A. E., Sprague, A. L., et al. (2007). Processes that promote and deplete the exosphere 
of Mercury. Space Science Reviews, 132(2), 433–509. https://doi.org/10.1007/s11214-007-9232-0

Killen, R. M., Potter, A. E., Reiff, P., Sarantos, M., Jackson, B. V., Hick, P., & Giles, B. (2001). Evidence for space weather at Mercury. Journal 
of Geophysical Research, 106(E9), 20509–20525. https://doi.org/10.1029/2000JE001401

Kivelson, M. G., Khurana, K. K., Russell, C. T., Walker, R. J., Warnecke, J., Coroniti, F. V., et al. (1996). Discovery of Ganymede's magnetic field 
by the Galileo spacecraft. Nature, 384(6609), 537–541. https://doi.org/10.1038/384537a0

Lammer, H., Wurz, P., Patel, M. R., Killen, R., Kolb, C., Massetti, S., et al. (2003). The variability of Mercury's exosphere by particle and radia-
tion induced surface release processes. Icarus, 166(2), 238–247. https://doi.org/10.1016/j.icarus.2003.08.012

Lee, L. C., & Fu, Z. F. (1985). A theory of magnetic flux transfer at the Earth's magnetopause. Geophysical Research Letters, 12(2), 105–108. 
https://doi.org/10.1029/GL012i002p00105

Lotz, W. (1967). An empirical formula for the electron-impact ionization cross-section. Zeitschrift für Physik, 206(2), 205–211. https://doi.
org/10.1007/BF01325928

Lundin, R., Barabash, S., Holmström, M., Nilsson, H., Futaana, Y., Ramstad, R., et al. (2013). Solar cycle effects on the ion escape from Mars. 
Geophysical Research Letters, 40, 6028–6032. https://doi.org/10.1002/2013GL058154

Madey, T. E., Yakshinskiy, B. V., Ageev, V. N., & Johnson, R. E. (1998). Desorption of alkali atoms and ions from oxide surfaces: Rele-
vance to origins of Na and K in atmospheres of Mercury and the Moon. Journal of Geophysical Research, 103(E3), 5873–5887. https://doi.
org/10.1029/98JE00230

Mangano, V., Milillo, A., Mura, A., Orsini, S., De Angelis, E., Di Lellis, A. M., & Wurz, P. (2007). The contribution of impulsive meteoritic 
impact vapourization to the Hermean exosphere. Planetary and Space Science, 55(11), 1541–1556. https://doi.org/10.1016/j.pss.2006.10.008

Massetti, S., Mangano, V., Milillo, A., Mura, A., Orsini, S., & Plainaki, C. (2017). Short-term observations of double-peaked Na emission from 
Mercury's exosphere. Geophysical Research Letters, 44, 2970–2977. https://doi.org/10.1002/2017GL073090

McComas, D. J., Spence, H. E., Russell, C. T., & Saunders, M. A. (1986). The average magnetic field draping and consistent plasma properties of 
the Venus magnetotail. Journal of Geophysical Research, 91(A7), 7939–7953. https://doi.org/10.1029/JA091ia07p07939

McCoy, T. J., Peplowski, P. N., McCubbin, F. M., & Weider, S. Z. (2018). The geochemical and mineralogical diversity of Mercury. In L. R. 
N.Sean, C.Solomon, & B. J.Anderson (Eds.), Mercury: The view after MESSENGER (pp. 176–190). Cambridge, UK: Cambridge University 
Press. https://doi.org/10.1017/9781316650684.008

McGrath, M. A., Johnson, R. E., & Lanzerotti, L. J. (1986). Sputtering of sodium on the planet Mercury. Nature, 323(6090), 694–696. https://
doi.org/10.1038/323694a0

McLain, J. L., Sprague, A. L., Grieves, G. A., Schriver, D., Travinicek, P., & Orlando, T. M. (2011). Electron-stimulated desorption of silicates: A 
potential source for ions in Mercury's space environment. Journal of Geophysical Research, 116, E03007. https://doi.org/10.1029/2010JE003714

Milillo, A., Fujimoto, M., Murakami, G., Benkhoff, J., Zender, J., Aizawa, S., et  al. (2020). Investigating Mercury’s environment with the 
two-spacecraft BepiColombo mission. Space Science Reviews, 216(5), 93. https://doi.org/10.1007/s11214-020-00712-8

Morgan, T. H., Zook, H. A., & Potter, A. E. (1988). Impact-driven supply of sodium and potassium to the atmosphere of Mercury. Icarus, 75(1), 
156–170. https://doi.org/10.1016/0019-1035(88)90134-0

Mura, A., Milillo, A., Orsini, S., & Massetti, S. (2007). Numerical and analytical model of Mercury's exosphere: Dependence on surface and 
external conditions. Planetary and Space Science, 55(11), 1569–1583. https://doi.org/10.1016/j.pss.2006.11.028

Mura, A., Orsini, S., Milillo, A., Delcourt, D., Massetti, S., & De Angelis, E. (2005). Dayside H+ circulation at Mercury and neutral particle 
emission. Icarus, 175(2), 305–319. https://doi.org/10.1016/j.icarus.2004.12.010

Orsini, S., Livi, S. A., Lichtenegger, H., Barabash, S., Milillo, A., De Angelis, E., et al. (2021). Serena: Particle instrument suite for determining 
the Sun-Mercury interaction from BepiColombo. Space Science Reviews, 217(1), 11. https://doi.org/10.1007/s11214-021-00809-8

Orsini, S., Mangano, V., Milillo, A., Plainaki, C., Mura, A., Raines, J. M., et al. (2018). Mercury sodium exospheric emission as a proxy for solar 
perturbations transit. Scientific Reports, 8(1), 928. https://doi.org/10.1038/s41598-018-19163-x

Peplowski, P. N., Evans, L. G., Stockstill-Cahill, K. R., Lawrence, D. J., Goldsten, J. O., McCoy, T. J., et al. (2014). Enhanced sodium abundance 
in Mercury’s north polar region revealed by the MESSENGER Gamma-Ray Spectrometer. Icarus, 228, 86–95. https://doi.org/10.1016/j.
icarus.2013.09.007

Poh, G., Slavin, J. A., Jia, X., DiBraccio, G. A., Raines, J. M., Imber, S. M., et al. (2016). MESSENGER observations of cusp plasma filaments 
at Mercury. Journal of Geophysical Research: Space Physics, 121, 8260–8285. https://doi.org/10.1002/2016JA022552

Pokorný, P., Sarantos, M., & Janches, D. (2018). A comprehensive model of the meteoroid environment around Mercury. The Astrophysical 
Journal, 863(1), 31.

Potter, A. E., & Morgan, T. (1985). Discovery of sodium in the atmosphere of Mercury. Science, 229(4714), 651. https://doi.org/10.1126/
science.229.4714.651

Raines, J. M., Gershman, D. J., Slavin, J. A., Zurbuchen, T. H., Korth, H., Anderson, B. J., & Solomon, S. C. (2014). Structure and dynamics of 
Mercury's magnetospheric cusp: MESSENGER measurements of protons and planetary ions. Journal of Geophysical Research: Space Phys-
ics, 119, 6587–6602. https://doi.org/10.1002/2014JA020120

https://doi.org/10.1029/2021GL092980
https://doi.org/10.1029/2021GL092980
https://doi.org/10.1038/s41467-020-18220-2
https://doi.org/10.1038/s41467-020-18220-2
https://doi.org/10.1002/2017JA024594
https://doi.org/10.1002/2017JA024594
https://doi.org/10.1002/2015JA021143
https://doi.org/10.1029/2018JA026166
https://doi.org/10.1029/2018JA026166
https://doi.org/10.1029/91GL02095
https://doi.org/10.1007/s11214-007-9232-0
https://doi.org/10.1029/2000JE001401
https://doi.org/10.1038/384537a0
https://doi.org/10.1016/j.icarus.2003.08.012
https://doi.org/10.1029/GL012i002p00105
https://doi.org/10.1007/BF01325928
https://doi.org/10.1007/BF01325928
https://doi.org/10.1002/2013GL058154
https://doi.org/10.1029/98JE00230
https://doi.org/10.1029/98JE00230
https://doi.org/10.1016/j.pss.2006.10.008
https://doi.org/10.1002/2017GL073090
https://doi.org/10.1029/JA091ia07p07939
https://doi.org/10.1017/9781316650684.008
https://doi.org/10.1038/323694a0
https://doi.org/10.1038/323694a0
https://doi.org/10.1029/2010JE003714
https://doi.org/10.1007/s11214-020-00712-8
https://doi.org/10.1016/0019-1035(88)90134-0
https://doi.org/10.1016/j.pss.2006.11.028
https://doi.org/10.1016/j.icarus.2004.12.010
https://doi.org/10.1007/s11214-021-00809-8
https://doi.org/10.1038/s41598-018-19163-x
https://doi.org/10.1016/j.icarus.2013.09.007
https://doi.org/10.1016/j.icarus.2013.09.007
https://doi.org/10.1002/2016JA022552
https://doi.org/10.1126/science.229.4714.651
https://doi.org/10.1126/science.229.4714.651
https://doi.org/10.1002/2014JA020120


Journal of Geophysical Research: Space Physics

SUN ET AL.

10.1029/2022JA030280

18 of 19

Raines, J. M., Gershman, D. J., Zurbuchen, T. H., Sarantos, M., Slavin, J. A., Gilbert, J. A., et al. (2013). Distribution and compositional varia-
tions of plasma ions in Mercury's space environment: The first three Mercury years of MESSENGER observations. Journal of Geophysical 
Research: Space Physics, 118, 1604–1619. https://doi.org/10.1029/2012JA018073

Raines, J. M., Slavin, J. A., Zurbuchen, T. H., Gloeckler, G., Anderson, B. J., Baker, D. N., et al. (2011). MESSENGER observations of the plasma 
environment near Mercury. Planetary and Space Science, 59(15), 2004–2015. https://doi.org/10.1016/j.pss.2011.02.004

Ramstad, R., & Barabash, S. (2021). Do intrinsic magnetic fields protect planetary atmospheres from stellar winds?Space Science Reviews, 
217(2), 36. https://doi.org/10.1007/s11214-021-00791-1

Russell, C. T. (1995). A study of flux transfer events at different planets. Advances in Space Research, 16(4), 159–163. https://doi.
org/10.1016/0273-1177(95)00224-3

Russell, C. T., & Elphic, R. C. (1978). Initial ISEE magnetometer results: Magnetopause observations. Space Science Reviews, 22(6), 681–715. 
https://doi.org/10.1007/BF00212619

Russell, C. T., & Walker, R. J. (1985). Flux transfer events at Mercury. Journal of Geophysical Research, 90(A11), 11067–11074. https://doi.
org/10.1029/JA090ia11p11067

Saito, Y., Delcourt, D., Hirahara, M., Barabash, S., André, N., Takashima, T., et al. (2021). Pre-flight calibration and near-Earth commissioning 
results of the Mercury plasma particle experiment (MPPE) onboard MMO (Mio). Space Science Reviews, 217(5), 70. https://doi.org/10.1007/
s11214-021-00839-2

Saito, Y., Yokota, S., Asamura, K., Tanaka, T., Nishino, M. N., Yamamoto, T., et  al. (2010). In-flight performance and initial results of 
plasma energy angle and composition experiment (PACE) on SELENE (Kaguya). Space Science Reviews, 154(1), 265–303. https://doi.
org/10.1007/978-1-4419-8122-6_11

Sarantos, M., Slavin, J. A., Benna, M., Boardsen, S. A., Killen, R. M., Schriver, D., & Trávníček, P. (2009). Sodium-ion pickup observed above 
the magnetopause during MESSENGER's first Mercury flyby: Constraints on neutral exospheric models. Geophysical Research Letters, 36, 
L04106. https://doi.org/10.1029/2008GL036207

Schillings, A., Slapak, R., Nilsson, H., Yamauchi, M., Dandouras, I., & Westerberg, L.-G. (2019). Earth atmospheric loss through the plasma 
mantle and its dependence on solar wind parameters. Earth Planets and Space, 71(1), 70. https://doi.org/10.1186/s40623-019-1048-0

Schmidt, C. A., Wilson, J. K., Baumgardner, J., & Mendillo, M. (2010). Orbital effects on Mercury’s escaping sodium exosphere. Icarus, 207(1), 
9–16. https://doi.org/10.1016/j.icarus.2009.10.017

Sieveka, E. M., & Johnson, R. E. (1984). Ejection of atoms and molecules from Io by plasma-ion impact. The Astrophysical Journal, 287(1), 
418–426. https://doi.org/10.1086/162701

Sigmund, P. (1969). Theory of sputtering. I: Sputtering yield of amorphous and polycrystalline targets. Physical Review, 184(2), 383–416. https://
doi.org/10.1103/physrev.184.383

Siscoe, G. L., Ness, N. F., & Yeates, C. M. (1975). Substorms on Mercury?Journal of Geophysical Research, 80(31), 4359–4363. 
https://doi.org/10.1029/JA080i031p04359

Slapak, R., Schillings, A., Nilsson, H., Yamauchi, M., & Westerberg, L.-G. (2018). Corrigendum to “atmospheric loss from the dayside open polar 
region and its dependence on geomagnetic activity: Implications for atmospheric escape on evolutionary timescales”. Annales Geophysicae, 
35, 721–731.

Slapak, R., Schillings, A., Nilsson, H., Yamauchi, M., Westerberg, L. G., & Dandouras, I. (2017). Atmospheric loss from the dayside open polar 
region and its dependence on geomagnetic activity: Implications for atmospheric escape on evolutionary timescales. Annales Geophysicae, 
35(3), 721–731. https://doi.org/10.5194/angeo-35-721-2017

Slavin, J. A., Acuña, M. H., Anderson, B. J., Baker, D. N., Benna, M., Boardsen, S. A., et al. (2009). MESSENGER observations of magnetic 
reconnection in Mercury’s magnetosphere. Science, 324(5927), 606. https://doi.org/10.1126/science.1172011

Slavin, J. A., Acuña, M. H., Anderson, B. J., Baker, D. N., Benna, M., Gloeckler, G., et al. (2008). Mercury's magnetosphere after MESSENGER's 
first flyby. Science, 321(5885), 85. https://doi.org/10.1126/science.1159040

Slavin, J. A., DiBraccio, G. A., Gershman, D. J., Imber, S. M., Poh, G. K., Raines, J. M., et al. (2014). MESSENGER observations of Mercury's 
dayside magnetosphere under extreme solar wind conditions. Journal of Geophysical Research: Space Physics, 11, 8087–8116. https://doi.
org/10.1002/2014JA020319

Slavin, J. A., & Holzer, R. E. (1979). The effect of erosion on the solar wind stand-off distance at Mercury. Journal of Geophysical Research, 
84(A5), 2076–2082. https://doi.org/10.1029/JA084ia05p02076

Slavin, J. A., & Holzer, R. E. (1981). Solar wind flow about the terrestrial planets. 1: Modeling bow shock position and shape. Journal of 
Geophysical Research, 86(A13), 11401–11418. https://doi.org/10.1029/JA086ia13p11401

Slavin, J. A., Imber, S. M., Boardsen, S. A., DiBraccio, G. A., Sundberg, T., Sarantos, M., et al. (2012). MESSENGER observations of a flux-
transfer-event shower at Mercury. Journal of Geophysical Research, 117, A00M06. https://doi.org/10.1029/2012JA017926

Slavin, J. A., Middleton, H. R., Raines, J. M., Jia, X., Zhong, J., Sun, W. J., et al. (2019). MESSENGER observations of disappearing dayside 
magnetosphere events at Mercury. Journal of Geophysical Research: Space Physics, 124, 6613–6635. https://doi.org/10.1029/2019JA026892

Solomon, S. C., McNutt, R. L., Gold, R. E., & Domingue, D. L. (2007). MESSENGER mission overview. Space Science Reviews, 131(1), 3–39. 
https://doi.org/10.1007/978-0-387-77214-1_1

Sprague, A. L., Kozlowski, R. W. H., Hunten, D. M., Schneider, N. M., Domingue, D. L., Wells, W. K., et al. (1997). Distribution and abundance 
of sodium in Mercury's atmosphere, 1985–1988. Icarus, 129(2), 506–527. https://doi.org/10.1006/icar.1997.5784

Sun, W., Dewey, R. M., Aizawa, S., Huang, J., Slavin, J. A., Fu, S., & Wei, Y. (2022). Review of Mercury's dynamic magnetosphere: Post-MES-
SENGER Era and comparative magnetospheres. Science China Earth Sciences, 65, 25–74.

Sun, W. J., Slavin, J. A., Dewey, R. M., Chen, Y., DiBraccio, G. A., Raines, J. M., et al. (2020). MESSENGER observations of Mercury's night-
side magnetosphere under extreme solar wind conditions: Reconnection-generated structures and steady convection. Journal of Geophysical 
Research: Space Physics, 125, e2019JA027490. https://doi.org/10.1029/2019JA027490

Sun, W. J., Slavin, J. A., Smith, A. W., Dewey, R. M., Poh, G. K., Jia, X., et al. (2020). Flux transfer event showers at Mercury: Dependence 
on plasma β and magnetic shear and their contribution to the Dungey cycle. Geophysical Research Letters, 47, e2020GL089784. https://doi.
org/10.1029/2020GL089784

Szabo, P. S., Chiba, R., Biber, H., Stadlmayr, R., Berger, B. M., Mayer, D., et al. (2018). Solar wind sputtering of wollastonite as a lunar analogue 
material—Comparisons between experiments and simulations. Icarus, 314, 98–105. https://doi.org/10.1016/j.icarus.2018.05.028

Tanaka, T., Saito, Y., Yokota, S., Asamura, K., Nishino, M. N., Tsunakawa, H., et al. (2009). First in situ observation of the Moon-originat-
ing ions in the Earth's Magnetosphere by MAP-PACE on SELENE (KAGUYA). Geophysical Research Letters, 36, L22106. https://doi.
org/10.1029/2009GL040682

Tóth, G., van der Holst, B., Sokolov, I. V., De Zeeuw, D. L., Gombosi, T. I., Fang, F., et al. (2012). Adaptive numerical algorithms in space 
weather modeling. Journal of Computational Physics, 231(3), 870–903.

https://doi.org/10.1029/2012JA018073
https://doi.org/10.1016/j.pss.2011.02.004
https://doi.org/10.1007/s11214-021-00791-1
https://doi.org/10.1016/0273-1177(95)00224-3
https://doi.org/10.1016/0273-1177(95)00224-3
https://doi.org/10.1007/BF00212619
https://doi.org/10.1029/JA090ia11p11067
https://doi.org/10.1029/JA090ia11p11067
https://doi.org/10.1007/s11214-021-00839-2
https://doi.org/10.1007/s11214-021-00839-2
https://doi.org/10.1007/978-1-4419-8122-6_11
https://doi.org/10.1007/978-1-4419-8122-6_11
https://doi.org/10.1029/2008GL036207
https://doi.org/10.1186/s40623-019-1048-0
https://doi.org/10.1016/j.icarus.2009.10.017
https://doi.org/10.1086/162701
https://doi.org/10.1103/physrev.184.383
https://doi.org/10.1103/physrev.184.383
https://doi.org/10.1029/JA080i031p04359
https://doi.org/10.5194/angeo-35-721-2017
https://doi.org/10.1126/science.1172011
https://doi.org/10.1126/science.1159040
https://doi.org/10.1002/2014JA020319
https://doi.org/10.1002/2014JA020319
https://doi.org/10.1029/JA084ia05p02076
https://doi.org/10.1029/JA086ia13p11401
https://doi.org/10.1029/2012JA017926
https://doi.org/10.1029/2019JA026892
https://doi.org/10.1007/978-0-387-77214-1_1
https://doi.org/10.1006/icar.1997.5784
https://doi.org/10.1029/2019JA027490
https://doi.org/10.1029/2020GL089784
https://doi.org/10.1029/2020GL089784
https://doi.org/10.1016/j.icarus.2018.05.028
https://doi.org/10.1029/2009GL040682
https://doi.org/10.1029/2009GL040682


19 of 19

Journal of Geophysical Research: Space Physics

SUN ET AL.

10.1029/2022JA030280

Weider, S. Z., Nittler, L. R., Starr, R. D., Crapster-Pregont, E. J., Peplowski, P. N., Denevi, B. W., et  al. (2015). Evidence for geochemical 
terranes on Mercury: Global mapping of major elements with MESSENGER's X-Ray Spectrometer. Earth and Planetary Science Letters, 416, 
109–120. https://doi.org/10.1016/j.epsl.2015.01.023

Winslow, R. M., Johnson, C. L., Anderson, B. J., Korth, H., Slavin, J. A., Purucker, M. E., & Solomon, S. C. (2012). Observations of Mercury's 
northern cusp region with MESSENGER's Magnetometer. Geophysical Research Letters, 39, L08112. https://doi.org/10.1029/2012GL051472

Wurz, P., Gamborino, D., Vorburger, A., & Raines, J. M. (2019). Heavy ion composition of Mercury's magnetosphere. Journal of Geophysical 
Research: Space Physics, 124, 2603–2612. https://doi.org/10.1029/2018JA026319

Yakshinskiy, B. V., & Madey, T. E. (2000). Desorption induced by electronic transitions of Na from SiO2: Relevance to tenuous planetary atmos-
pheres. Surface Science, 451(1), 160–165. https://doi.org/10.1016/s0039-6028(00)00022-4

Zhao, J. T., Zong, Q. G., Yue, C., Sun, W. J., Zhang, H., Zhou, X. Z., et al. (2022). Observational evidence of ring current in the magnetosphere 
of Mercury. Nature Communications, 13(1), 924. https://doi.org/10.1038/s41467-022-28521-3

Zhou, H., Tóth, G., Jia, X., & Chen, Y. (2020). Reconnection-driven dynamics at Ganymede's upstream magnetosphere: 3-D global Hall MHD 
and MHD-EPIC simulations. Journal of Geophysical Research: Space Physics, 125, e2020JA028162. https://doi.org/10.1029/2020JA028162

Zhou, H., Tóth, G., Jia, X., Chen, Y., & Markidis, S. (2019). Embedded kinetic simulation of Ganymede's magnetosphere: Improvements and 
Inferences. Journal of Geophysical Research: Space Physics, 124, 5441–5460. https://doi.org/10.1029/2019JA026643

https://doi.org/10.1016/j.epsl.2015.01.023
https://doi.org/10.1029/2012GL051472
https://doi.org/10.1029/2018JA026319
https://doi.org/10.1016/s0039-6028(00)00022-4
https://doi.org/10.1038/s41467-022-28521-3
https://doi.org/10.1029/2020JA028162
https://doi.org/10.1029/2019JA026643

