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Abstract We examine the effects of the interplanetary magnetic field (IMF) orientation and solar wind
dynamic pressure on the solar wind proton precipitation to the surface of Mercury using a hybrid-kinetic
model. We use our model to explain observations of Mercury's neutral sodium exosphere and compare our
results with MESSENGER observations. For the typical solar wind dynamic pressure at Mercury our model
shows a high proton flux precipitates through the magnetospheric cusps to the high latitudes on both
hemispheres on the dayside, centered near the noon meridian with ∼11◦ latitudinal extent in the north
and ∼21◦ latitudinal extent in the south, which is consistent with MESSENGER observations. We show
that this two-peak pattern is controlled by the radial component (Bx) of the IMF and not the Bz. Our model
suggests that the southward IMF and its associated magnetic reconnection do not play a major role in
controlling plasma precipitation to the surface of Mercury through the cusps. We found that the total
precipitation rate through both of the cusps remain constant and independent of the IMF orientation. We
also show that the solar wind proton incidence rate to the entire surface of Mercury is higher when the
IMF has a northward component and nearly half of the incidence flux impacts the low latitudes on the
nightside. During extreme solar events (e.g., coronal mass ejections), our model suggests that over 70 nPa
solar wind dynamic pressure is required for the entire surface of Mercury to be exposed to the solar wind
plasma.

1. Introduction
Mercury holds the weakest global magnetic field of internal origin among the magnetized planets in the
solar system (Ness et al., 1974; Anderson et al., 2008). Magnetic field observations from the MESSENGER
spacecraft suggested that Mercury's magnetic field can be modeled as a single dipole with a southward point-
ing magnetic moment of 195 ± 10 nT·R3

M displaced 484 ± 11 km (∼0.2RM) northward from the center of
the planet with <3◦ tilt from Mercury's rotation axis (e.g., Anderson et al., 2011), where RM ≈2440 km is
the average radius of Mercury. This weak magnetic field, however, interacts continuously with the dynamic
interplanetary magnetic field (IMF) and solar wind plasma to form a “minimagnetosphere” that is qualita-
tively similar to the magnetosphere of Earth, although nearly 20 times smaller in size (e.g., Fujimoto et al.,
2008; Ogilvie et al., 1974; Slavin et al., 2008, 2009). In general, this interaction forms a bow shock and a mag-
netopause (Winslow et al., 2013), funnel-shaped magnetospheric cusps over the polar caps (Poh et al., 2016;
Raines et al., 2014; Winslow et al., 2012), and an extended magnetotail with a central current sheet (e.g., Poh
et al., 2017; Slavin et al., 2012; Sundberg et al., 2012; Sundberg & Slavin, 2015).

Mercury has a very thin, collisionless, and surface-bound gaseous exosphere mainly composed of H, He, Na,
Mg, Al, K, Ca, Mn, Fe, and perhaps O. These elements have been observed through measurements of neutrals
using Earth-based ground telescopes (e.g., Bida & Killen, 2017; Bida et al., 2000; Doressoundiram et al., 2010;
Killen et al., 2005; Leblanc et al., 2008; Leblanc et al., 2009; Mangano et al., 2013, 2015; Potter & Morgan,
1985, 1997; Sprague et al., 1997) and direct in situ measurements by the Mariner 10 and MESSENGER
spacecraft (e.g., Broadfoot et al., 1976; Merkel et al., 2017; McClintock et al., 2008, 2009; Vervack et al.,
2016). They have also been observed indirectly through MESSENGER observations of planetary ions in
Mercury's magnetosphere (e.g., Raines et al., 2014; Vervack et al., 2010; Zurbuchen et al., 2008, 2011). Similar
to the exospheres of other terrestrial bodies, the exosphere of Mercury is generated through various processes
including thermal desorption, photon stimulated desorption, solar wind ion sputtering, chemical sputtering,
and micrometeorite impact vaporization (e.g., Killen & Ip, 1999; Killen et al., 2001, 2007; Lammer & Bauer,
1997; Lammer et al., 2003; Leblanc & Johnson, 2003; McGrath et al., 1986; Wurz et al., 2010).
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Because of the intense solar irradiation at Mercury's surface, which is due to the proximity of Mercury to
the Sun, thermal and photon stimulated desorption are suggested to have the largest contribution to the
formation of Mercury's neutral exosphere (e.g., Gamborino et al., 2019; Leblanc & Johnson, 2003; McGrath
et al., 1986; Mura et al., 2009; Wurz & Lammer, 2003; Wurz et al., 2010). However, the particles released
by these two processes have relatively low velocities and thus are more gravitationally bound to the planet,
compared to the particles released by micrometeorite impact vaporization and solar wind ion sputtering
(e.g., Leblanc & Johnson, 2003; Schmidt et al., 2010, 2012; Schmidt, 2013; Wurz et al., 2010). The sputtering
process depends on the momentum and energy of the impacting ions as well as the surface composition
and sputtering yield (e.g., Killen et al., 2001; Killen et al., 2004; Lammer & Bauer, 1997; Wurz & Lammer,
2003). For Mercury, the solar wind and magnetospheric ions are the main constituents for ion sputtering
and magnetospheric cusps are suggested to be the main channels for the access of the solar wind ions to
the surface, especially at high latitudes (e.g., Kallio & Janhunen, 2003; Killen et al., 2001; Lammer et al.,
2003; Leblanc & Johnson, 2003; Massetti et al., 2003; Massetti et al., 2007; Potter & Morgan, 1990; Raines
et al., 2013, 2014; Winslow et al., 2012). It has been hypothesized that the impact of ions to the surface
of Mercury liberates sodium (Na) atoms through chemical sputtering, ion-initiated collision cascades, and
ion-enhanced diffusion (e.g., Killen et al., 2007; McGrath et al., 1986; Mura et al., 2009; Sarantos et al., 2008).
These processes may directly knock off atoms from the surface and release them to the exosphere and/or
may free atoms from the mineral bonds in the crystalline structure. These neutrals are then available as
adsorbed atoms on the surface and, thus, facilitate thermal and photon stimulated desorption processes that
release the weakly bound particles from the surface and form a neutral exosphere (e.g., Leblanc & Johnson,
2003; Mura et al., 2009; Yakshinskiy & Madey, 1999). Therefore, understanding solar wind ion precipitation
to the surface of Mercury is a key process in understanding the formation of Mercury's neutral exosphere.

Since sodium (Na) is a volatile element and therefore is released from the surface more easily compared to
other elements, is highly affected by solar radiation pressure, and has strong emission lines, Na has been
one of the most observed species in the exosphere of Mercury (Baumgardner et al., 2008; Cassidy et al.,
2015, 2016; Doressoundiram et al., 2010; Killen & Ip, 1999; Killen et al., 2001; Killen et al., 2004; Leblanc
et al., 2008, 2009; Leblanc & Johnson, 2010; Mangano et al., 2013, 2015; Massetti et al., 2017; McGrath et
al., 1986; Mouawad et al., 2011; Orsini et al., 2018; Potter & Morgan, 1985, 1990, 1997; Potter et al., 2006,
2013; Schleicher et al., 2004; Yoshikawa et al., 2008). In contrast to other neutral elements, the Na exosphere
possesses noticeable features including high peaks at relatively high latitudes on the dayside (e.g., Leblanc et
al., 2008; Mangano et al., 2013, 2015; Massetti et al., 2017; Orsini et al., 2018; Potter et al., 1999), a dawn-dusk
asymmetry with a slightly denser exosphere at dawn compared to dusk (e.g., Cassidy et al., 2016; Leblanc &
Johnson, 2010; Potter et al., 2006; Sprague et al., 1997; Schleicher et al., 2004), and an extended comet-like
tail on the nightside of Mercury (e.g., Baumgardner et al., 2008; Kameda et al., 2008, 2009; McClintock et al.,
2008; Potter et al., 2002; Potter & Killen, 2008; Schmidt et al., 2012). The high-latitude Na enhancements,
which often appear at both hemispheres and are known as “two peaks” or “double peaks” (e.g., Mangano et
al., 2015; Massetti et al., 2017; Orsini et al., 2018; Potter et al., 1999, 2006), are hypothesized to be related to the
sputtering of neutral Na induced by the incidence of the solar wind plasma to the surface of Mercury through
magnetospheric cusps (e.g., Killen et al., 2001; Killen et al., 2007; Leblanc & Johnson, 2003; Mangano et al.,
2013, 2015; Massetti et al., 2007, 2017). On the other hand, the dawn-dusk asymmetry is suggested to be
related to the thermal and photon stimulated desorption processes that are more effective at dawn compared
to dusk to knock off the neutrals from the surface (e.g., Mura et al., 2009; Potter et al., 2007), and the extended
antisunward Na tail is due to the high solar radiation pressure (e.g., Baumgardner et al., 2008; Kameda et
al., 2008; Potter et al., 2002; Schmidt, 2013).

Mangano et al. (2015), using ground-based telescope observations, classified Na emission into two major
recurrent patterns: a single peak at low latitudes close to the equator and the double peak at high latitudes.
They found the double peak emission is the most common pattern (61%) in Mercury's Na exosphere with
distinct emission peaks on both hemispheres at high latitudes. This supports the view on the major role that
the cusps play in the solar wind ion precipitation to high latitudes (e.g., Killen et al., 2001; Leblanc et al.,
2008, 2009; Mangano et al., 2013, 2015; Massetti et al., 2007; Potter & Morgan, 1990). Combining telescope
observations with MESSENGER magnetic field observations, Mangano et al. (2015) also found correlations
between the IMF orientation and Na emission in a subset of their observations. They concluded that a south-
ward IMF (Bz < 0), which is thought to be a favorable orientation for magnetic reconnection at Mercury (e.g.,
Slavin et al., 2008, 2009), is usually correlated with the double peak emissions at high latitudes, whereas a
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northward IMF (Bz > 0) is more often associated with a single peak emission near the equator. Although the
southward IMF is thought to be a favorable orientation for dayside magnetic reconnection, MESSENGER
magnetic field observations, however, surprisingly showed that there is almost no correlation between mag-
netic reconnection rate and IMF orientation at Mercury (DiBraccio et al., 2013), which is perhaps a result of
the low plasma 𝛽 and low Alfvén Mach number at the orbit of Mercury (DiBraccio et al., 2013; Massetti et
al., 2017). This finding by MESSENGER does not support the correlation between the IMF orientation and
the dayside Na emission (e.g., Massetti et al., 2017).

In addition to observations, numerical simulations have also suggested that magnetic reconnection, espe-
cially for a southward IMF, facilitates the access of the solar wind plasma to the surface of Mercury through
magnetospheric cusps (e.g., Benna et al., 2010; Chanteur et al., 2014; Kallio & Janhunen, 2003; Massetti et
al., 2007; Trávníček et al., 2010; Varela et al., 2015). Although some of these studies were conducted prior
to the MESSENGER observation of the northward offset in Mercury's magnetic dipole, some models, even
without including a dipole offset, predicted a noticeable north-south asymmetry in the solar wind precipita-
tion to the dayside surface of Mercury (e.g., Benna et al., 2010; Burger et al., 2010; Kallio & Janhunen, 2003;
Sarantos et al., 2001). Several of these models suggested that this asymmetry arises when the radial compo-
nent of the IMF (Bx) is dominant (e.g., Massetti et al., 2003; Sarantos et al., 2001; Varela et al., 2015), which
is a typical feature of the Parker spiral near Mercury's orbit (James et al., 2017; Korth et al., 2011; Sarantos
et al., 2007). After the discovery of Mercury's dipole offset, it was suggested that the north-south asymme-
try in the solar wind plasma precipitation to high latitudes could be an effect of the magnetic dipole offset
(e.g., Winslow et al., 2014). However, some simulations showed that even a centered dipole combined with
higher magnetic moments (e.g., quadrupole, octupole, and higher terms) has a considerable influence on
the north-south asymmetry of the solar wind precipitation to high latitudes (Richer et al., 2012; Varela et
al., 2015).

MESSENGER observations have also shown that considerable plasma flux impacts the low latitudes on
the nightside close to the equator (e.g., Korth et al., 2014; Winslow et al., 2012, 2014), with a higher flux
to the southern hemisphere compared to the north (e.g., Winslow et al., 2012, 2014). While a few global
MHD simulations predicted this low-latitude precipitation on the nightside (Benna et al., 2010; Burger et
al., 2010; Varela et al., 2015), hybrid-kinetic simulations, prior to the present study, only suggested plasma
precipitation to high latitudes, mainly around the open-closed field line boundary on the nightside (Kallio
& Janhunen, 2003; Trávníček et al., 2010; Wang et al., 2010).

Here, we use a three-dimensional hybrid-kinetic model of plasma (particle ions and fluid electrons) and
present global maps of the solar wind plasma precipitation to the surface of Mercury for various IMF and
solar wind dynamic pressure. First, we describe the time-integrated calculation of solar wind precipita-
tion of particles to Mercury, which is necessary given Mercury's highly dynamic magnetosphere. Then, we
explain our simulation results and compare them with observations. Finally, we provide detailed analysis
on plasma precipitation to the surface of Mercury under different solar wind plasma dynamic pressures and
IMF orientations as well as the cusp dynamics and plasma precipitation through the cusps to explain some
of the observed features in Na exosphere. Our global precipitation maps provide a better understanding of
the magnetosphere-exosphere-surface coupling at Mercury (Milillo et al., 2005; Orsini et al., 2007) and can
be applied in Monte Carlo simulations of Mercury's exosphere (e.g., Gamborino et al., 2019; Mura et al.,
2009; Schmidt, 2013; Wurz & Lammer, 2003), a tool that is required to better interpret observations by the
European Space Agency (ESA)'s BepiColombo mission (Benkhoff et al., 2010; Milillo et al., 2010) and future
ground-based telescope observations.

2. Model
We use the Amitis simulation code, the first three-dimensional (3-D in both configuration and phase space),
time-dependent hybrid model of plasma that runs entirely on Graphics Processing Units for faster and
more environmentally friendly parallel computation (Fatemi et al., 2017). In this model, the ions are kinetic
charged particles and electrons are a massless, charge-neutralizing fluid. As explained in detail in Fatemi
et al. (2017), electric fields are directly calculated in the model from the electron momentum equation for
massless electrons (i.e., me = 0), magnetic fields are computed from Faraday's law, and the divergence-free
condition of the magnetic field is satisfied over the entire simulation domain. Amitis allows the definition
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of custom electrical conductivity profiles for the interior of a body from a highly resistive to highly conduc-
tive interior with the possibility of defining multiple conductivity layers with and without longitudinal and
latitudinal inhomogeneities (Fatemi et al., 2017; Fuqua Haviland et al., 2019). The model self-consistently
couples the interior magnetic response to the ambient plasma environment using a semi-implicit method
(model details are extensively explained in Fatemi et al., 2017). Amitis has been previously used to study
the plasma interaction with the Moon (Fatemi et al., 2017; Fuqua Haviland et al., 2019; Garrick-Bethell et
al., 2019; Poppe, 2019), asteroid 16 Psyche (Fatemi & Poppe, 2018), and Mercury (Fatemi et al., 2018) and
our simulation results have been previously validated through comparison with analytical theories (Fuqua
Haviland et al., 2019) and with ARTEMIS and MESSENGER observations (Fatemi et al., 2017, 2018; Poppe,
2019).

2.1. Coordinate System and Simulation Parameters
We use a Mercury Solar Orbital (MSO) coordinate system centered at Mercury's center of mass, where the
+x axis points to the Sun (i.e., the solar wind flows along the −x axis), the +y axis is opposite to the orbital
motion of Mercury around the Sun and points toward dusk, and the +z axis points to geographical north,
perpendicular to the xy plane, and completes the right-handed coordinate system. Mercury, in our model,
is a spherical object with a radius RM = 2,440 km without an exosphere. We assume Mercury is a uniform
resistive body with a resistivity 𝜂 = 107 𝛺·m, and its surface is a perfect plasma absorber; that is, when
the ions impact the surface, they are removed from the simulation domain. We place a southward oriented
magnetic dipole along the −z axis with a magnetic moment of 195 nT·R3

M , displaced 484 km northward from
the center of Mercury in the MSO coordinate system (Anderson et al., 2010, 2011). For simplicity, we ignore
the ∼3◦ magnetic dipole tilt from the spin axis of Mercury.

We use a simulation domain of size −6RM ≤ x ≤ +6RM , −12RM ≤ (y, z) ≤ +12RM with a regular-spaced
Cartesian grid with cubic cells of size 𝛥L = 175 km (∼0.07RM). At time t = 0 s, each grid cell is initially
loaded with 16 protons with mass mp = 1.0 amu and with a drifting Maxwellian velocity distribution. The
solar wind plasma flows along the −x axis; thus, the particles (i.e., solar wind ions) are continuously injected
into the simulation domain from the inflow boundary at x = +6RM and removed at the outflow boundary at
x = −6RM . The four other boundaries, which are perpendicular to the solar wind flow direction, are periodic
for particles and electromagnetic fields. For each simulation, the upstream plasma conditions remain con-
stant at the inflow boundary. We run every simulation for 500 s, which is approximately equivalent to the
completion of four Dungey cycles (∼2 min at Mercury Slavin et al., 2009) within the magnetosphere of Mer-
cury, over six solar wind convection times through the entire simulation domain, and over 120 gyrations of
the solar wind ions (the typical solar wind proton gyroperiod is ∼3.5 s for 20 nT magnetic field). We advance
particle trajectories by using a time step of 𝛥t = 10−3 s, which is ∼3 × 10−4 of the proton gyroperiod in the
solar wind and is ∼10−3 of a proton gyroperiod near Mercury's magnetic poles. This small time step assures
that the ion gyromotion is fully resolved within our simulations.

As summarized in Table 1, we conducted a series of hybrid simulation runs using the Amitis code for the
“typical” solar wind condition near the orbit of Mercury (Runs T1–T6), for the solar wind conditions during
the first and the second Mercury flybys by MESSENGER (Runs M1 and M2, respectively), and for extreme
solar events (Runs E1–E3). Mercury has the most eccentric orbit around the Sun compared to other planets
in the solar system. With eccentricity 𝜖 ≈0.2, Mercury's distance from the Sun varies from ∼0.31 AU at
perihelion to ∼0.46 AU at aphelion, where 1 AU (astronomical unit) is the distance of the Earth from the
Sun. As a consequence, solar wind plasma and IMF conditions change considerably during one revolution
of Mercury around the Sun (Sarantos et al., 2007; Korth et al., 2011; James et al., 2017). In this study, we
have chosen our solar wind plasma and IMF configurations within the range of the observed values near
Mercury. For runs T1 to T6, we set the solar wind parameters close to the median of the most probable values
observed at Mercury's perihelion and aphelion, explained by Sarantos et al. (2007), Korth et al. (2011), and
James et al. (2017). For these runs, we set the IMF magnitude |B| = 18 nT, solar wind density nsw = 30 cm−3,
solar wind speed |vsw| = 370 km/s, and solar wind ion and electron temperatures T = 12 eV. In order to
study the effects of various IMF angles on the solar wind proton precipitation to the surface of Mercury, we
only change the IMF orientation for Runs T1–T6. To investigate the effects of the high solar wind dynamic
pressure, we conducted Runs E1–E3, which are similar to Runs T1 and T2, except the solar wind dynamic
pressure Pd𝑦n = mpnswv2

sw is higher.
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Table 1
Simulation Parameters

Run B |B| nsw |vsw| Pdyn 𝛽 Ms MA

# (nT) (nT) (cm−3) (nPa) (km/s)
T1 [0.0, 0.0, +18.0] 18.0 30.0 370 6.9 0.9 5.9 5.1
T2 [0.0, 0.0, −18.0]
T3 [−17.55, 0.0, +4.0]
T4 [−17.55, 0.0, −4.0]
T5 [+17.55, 0.0, +4.0]
T6 [+17.55, 0.0, −4.0]
M1 [−18.0, 0.0, +4.0] 18.4 32.0 365 7.0 0.9 5.9 5.1
M2 [−15.2, 0.0, −8.5] 17.4 32.0 400 8.7 1.0 6.5 6.0
E1 [0.0, 0.0, +18.0] 18.0 70.0 600 42.2 2.1 9.7 12.8
E2 [0.0, 0.0, −18.0]
E3 [0.0, 0.0, +18.0] 18.0 120.0 600 72.3 3.6 9.7 16.7

Finally, for completion of our analyses and in order to compare our results with some of the previous studies
of the solar wind plasma interaction with the magnetosphere of Mercury, we also modeled the interaction
for MESSENGER's M1 and M2 flybys (Runs M1 and M2). The MESSENGER spacecraft made the first (M1)
and the second (M2) flybys of Mercury on 14 January 2008 and 6 October 2008, respectively, at similar true
anomalies of ∼290◦ along Mercury's orbit (e.g., Slavin et al., 2008, 2009; Solomon et al., 2007). As explained
in detail in Fatemi et al. (2018), we inferred the solar wind plasma dynamic pressure during those two flybys
through comparison between our hybrid simulations and the magnetic field observation by MESSENGER.
The parameters listed in Table 1 for M1 and M2 flybys were obtained from the best match between our hybrid
simulations and MESSENGER observations (also see section 3.1). For the M1 and M2 flybys, the Keplerian
speed of Mercury is compensated by a 50 km/s dawnward component (along the +y axis) for the solar wind
velocity. Realistically, Mercury's orbital speed varies between ∼30 to ∼70 km/s due to the eccentric orbit of
Mercury, which results in <4% variation in the solar wind dynamic pressure. Since this speed introduces
an asymmetry in our simulations, we did not include it to our simulation runs, except for the M1 and M2
flybys. In Table 1, 𝛽 is the ratio of thermal pressure to magnetic pressure and Ms and MA are the solar wind
sonic and Alfvénic Mach numbers, respectively.

2.2. Calculating Plasma Precipitation to the Surface of Mercury
Two different approaches are often applied to calculate plasma precipitation to the surface of planetary bod-
ies from numerical simulations: (1) if the simulation is particle based, for example, full particle-in-cell or
hybrid-kinetic model, one can take a snapshot of the particles spatial and velocity distribution at a certain
time and then calculate the density and flux of precipitating plasma from the impacting particles to the
surface of a body (e.g., Herčík et al., 2016; Trávníček et al., 2010), or (2) using test particle simulations by
following trajectories of many particles through a background electric and magnetic fields, or any other
applied forces (e.g., Fatemi et al., 2012, 2016; Poppe et al., 2018). Here, we already know that the magneto-
sphere of Mercury is highly dynamic, sensitive, and responsive to the solar wind plasma and IMF variations
(e.g., Burlaga, 2001; Slavin et al., 2008, 2009), and the magnetic reconnection rate (∼0.15) and Dungey cycle
(∼2 min) are relatively high and fast, respectively, compared to those at other magnetized planets (Slavin
et al., 2009). We also know that unlike other planetary magnetospheres, the minimagnetosphere of Mer-
cury is almost filled in by the body of the planet itself, which highly affects the dynamics of ions within the
magnetosphere (Delcourt & Seki, 2006). Therefore, we propose not to use either of the previously explained
methods to calculate plasma precipitation to the surface of Mercury. This is because the former method
represents particles distribution at a given time and does not include the overall particle dynamics in the
magnetosphere. In addition, it requires an extremely high number of particles per cell to provide a statis-
tically reasonable results. The latter method is not suitable either, because a time snapshot of electric and
magnetic fields does not represent the overall dynamics of the Hermean magnetosphere. In addition, storing
all particle data from our hybrid simulations at every time step throughout the entire simulation generates
extremely large data files, which are not economically efficient to be stored for further analyses.
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Therefore, in this study, after our simulations reached a state that the Hermean magnetosphere is fully devel-
oped (here in our model is 380 s, which is equivalent to the completion of more than three Dungey cycles),
we store particle data (i.e., position and velocity) within 50 km altitude (<30% of our grid cell sizes) above
the surface of Mercury for every ∼0.2 s within a period of 120 s, and we assume that all of those particles
impact the surface of Mercury. This approach allows us to consider dynamic effects of the magnetosphere
on the overall plasma precipitation to the surface of Mercury. The total duration of our particle storage time
(120 s) is long enough for the completion of one Dungey cycle and ∼35 gyrations of the solar wind ions. For
two of our simulations (Runs T1 and T2), we stored particles data for a longer period (300 s) and compared
precipitating plasma density and flux to the surface with those obtained from 120 s integration time (not
shown here). We did not observe any noticeable differences in our results and thus concluded that 120 s for
particle storage is long enough to capture the Hermean magnetospheric dynamics.

2.3. Limitations in Simulations
Here we only included the solar wind protons in our simulations and did not take into account the effects
of solar wind alpha particles or planetary ions and their precipitation to the surface of Mercury. Exospheric
neutrals are the main sources of planetary ions, which are formed through a combination of different pro-
cesses including photoionization, charge exchange, and electron impact ionization (e.g., Killen et al., 2007).
Depending on the energy and formation altitude of these ions, some may return to the surface and con-
tribute to surface weathering processes. Heavy planetary ions (mainly Na+, O+, and H2O+ groups) have
been observed by MESSENGER (Raines et al., 2013;Zurbuchen et al., 2008, 2011) with a substantial density
enhancement over the cusps on the dayside and near the equator in the central plasma sheet (Raines et al.,
2013). However, the highest observed density for these ions, which belongs to the Na+-group ions, is below
∼0.1 cm−3 (Raines et al., 2013), which is a few orders of magnitude lower than the typical solar wind plasma
density near the orbit of Mercury (∼30 cm−3). The low density of planetary ions implies that they do not have
a significant contribution to the overall structure of the Hermean magnetosphere and cusp dynamics; thus,
they are excluded from our simulations here. However, it is worth noting that planetary ion impact into the
surface of Mercury may provide a considerable contribution to surface weathering due to their higher mass
and momentum transfer to the surface compared to solar wind protons (Delcourt et al., 2003; Delcourt &
Seki, 2006). Investigating the effects of planetary ions is outside the scope of this research and left for future
studies.

In addition to heavy planetary ions, the solar wind plasma also composed of multiply charged heavy ions
(e.g., He+2, O+6, O+7, Si+8, and Fe+9) (e.g., Bame et al., 1970, 1975; Bochsler, 2007; Collier et al., 1996;
Gloeckler et al., 1992; Von Steiger et al., 2000). Although protons are the dominant solar wind ion species
(∼90–95%), solar wind heavy ions transfer higher energy and momentum to the surface when impacting
Mercury. For example, Wurz et al. (2010) suggested that only 5% of solar wind alphas (He+2) may contribute
∼30% of the total surface sputtering yield. However, for simplicity, we did not include the solar wind heavy
ions in this study.

Due to the similarities between the surface of Mercury and the Moon, Lue et al. (2017) suggested that the
flux of scattered protons from the surface of Mercury should be similar to that from the surface of the Moon.
At the Moon, <1% of the incident solar wind proton flux is backscattered in charged form from the unmag-
netized and/or weakly magnetized regions on the lunar surface (Lue et al., 2014; Saito et al., 2008). Since
the fraction of the backscattered protons is very low, we did not include them in our simulations. However,
the backscattered protons on Mercury's closed field lines may return to the other hemisphere and deposit
additional energy onto the surface.

MESSENGER observations at low altitudes (<150 km) detected signatures of remanent crustal magnetiza-
tion at Mercury (Johnson et al., 2015; Hood, 2015). Due to the orbital geometry of MESSENGER, crustal
fields have been primarily observed over the north polar region near the Caloris impact basin with a strength
of a few nano-Tesla at ∼40 km altitude (L. L. Hood, 2015, 2016). At the moment, and before arrival of ESA's
BepiColombo mission to Mercury, we do not know much about Mercury's crustal magnetic fields, but if
they are similar to those on the Moon and/or Mars (e.g., Acuña et al., 1999; Hood et al., 2001), their topol-
ogy could be very complex and their strength on the surface could reach hundreds or even thousands of
nanoteslas, especially if the source magnetization is very strong and close to the surface. If the crustal fields
are strong enough, they can affect plasma dynamics and eventually influence plasma precipitation patterns
to the surface. However, due to the lack of detailed information about Mercury's crustal magnetization and
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in order to provide a simplified understanding on the global plasma precipitation to the surface, the crustal
fields are not included in our simulations.

Because of its close proximity to the Sun, Mercury is exposed to extreme solar events such as CMEs. MES-
SENGER observations together with simulations have shown that during such extreme events, the dayside
magnetopause could collapse to the surface (Exner et al., 2018; Jia et al., 2019; Slavin et al., 2014; Winslow
et al., 2019; Winslow et al., 2020). The recent Earth-based radar observations of Mercury's librations and
Mercury's gravity field have suggested that Mercury has a large conductive core of radius ∼0.8 RM (Hauck et
al., 2013; Hiremath, 2012; Smith et al., 2012). During the extreme events, this large conductive core would
respond to variations in the magnetopause current and induce an electric current to cancel out magnetic
field variations inside the core (Glassmeier et al., 2007; Grosser et al., 2004; Heyner et al., 2011; Jia et al.,
2015). Jia et al. (2015) using a global MHD simulations showed that increasing the solar wind dynamic pres-
sure from ∼11 to ∼66 nPa induces ∼200 nT fields on the surface of Mercury that moves the magnetopause to
∼0.1 RM further upstream compared to the conditions when the conductive core is not taken into account.
We did not include a conductive core in our simulations presented here. For simplicity, we assumed Mer-
cury is a resistive body with a uniform resistivity 107 Ohm·m. Since in our model the solar wind plasma and
IMF remain constant upstream of all of our simulations, therefore a conductive core effect would not be
influential.

3. Simulation Results and Comparison With Observations
3.1. Solar Wind Proton Precipitation to the Surface of Mercury
Here we present our hybrid simulation results for the solar wind plasma interaction with the magnetosphere
and surface of Mercury for various IMF and solar wind plasma conditions listed in Table 1.

Figure 1 shows a snapshot of our hybrid simulation results at time t = 500 s for Run T1, a perfectly northward
IMF (Figure 1, top panels) and Run T2, a perfectly southward IMF (Figure 1, bottom panels). Regardless of
the IMF direction, this figure shows that for typical solar wind plasma conditions at Mercury's orbit (i.e.,
Pdyn ≃7–8 nPa and plasma 𝛽 ≃1.0), the interaction between the solar wind and the weak intrinsic magnetic
field of Mercury forms an Earth-like magnetosphere with distinct magnetospheric boundaries including a
collisionless bow shock, magnetopause, funnel-shaped magnetospheric cusps, and an elongated magneto-
tail, all of which are consistent with the global structure of the Hermean magnetosphere observed by Mariner
10 and MESSENGER (e.g., DiBraccio et al., 2013; Ogilvie et al., 1974; Slavin et al., 2008, 2009; Winslow et al.,
2012, 2013). A bow shock is evident upstream with a large jump in the magnetic field strength and direction
shown in Figures 1a and 1b, a large plasma density enhancement evident in Figures 1e and 1f, and plasma
flow deceleration shown in Figures 1g and 1h. Figures 1c and 1d show that the bow shock-associated elec-
tric current forms a boundary between the Hermean magnetosphere and the incident solar wind. We have
calculated electric current density, J, using the general Ampère's law, J = 𝜇−1

0 ∇ × B, where B is the mag-
netic flux density obtained from our hybrid simulations and 𝜇0=4𝜋 ×10−7 H/m is the vacuum permeability.
However, we only show the Jy component of the electric current in Figures 1c and 1d. The magnetopause is
also evident as the innermost intense current near the dayside of Mercury. The funnel-shaped polar cusps
that enable direct access of the solar wind plasma into the surface of Mercury can be seen at high latitudes
close to the surface on the dayside in Figures 1e and 1f. The magnetosheath, the region of space located
between the magnetopause and the bow shock where the solar wind is decelerated and its dynamic pressure
is converted into thermal and magnetic pressure, is also present and can be seen in Figures 1g and 1h.

Despite similarities in our simulation results between the northward and southward IMF, there are sev-
eral fundamental differences in the structure of the Hermean magnetosphere between the two runs. For
instance, comparing Figure 1c with Figure 1d shows that both the bow shock and the magnetopause stand
closer to the planet for the southward IMF (Run T2) compared to the northward IMF (Run T1), which is
suggested to be an effect of the magnetic reconnection for the southward IMF that erodes the dayside mag-
netopause (Ip & Kopp, 2002; Slavin et al., 2008; Slavin & Holzer, 1979; Trávníček et al., 2010). In particular,
the simulations show that the bow shock for the northward IMF forms at x ≈ +2.23 RM near the magnetic
equator, while for the southward IMF stands at x ≈ +1.92 RM. We also see that the subsolar standoff distance
of the magnetopause for the northward and southward IMF is x ≈ +1.46 RM and x ≈ +1.39 RM, respectively.
These results are in agreement with the average distance of the bow shock (∼1.96 RM) and standoff distance
of the magnetopause (∼1.45 RM) observed by MESSENGER (Winslow et al., 2013). Figure 1c shows that the
magnetopause current density for the northward IMF, that is, ∼135 nA/m2, is ∼3.5 times weaker than that
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Figure 1. Hybrid simulation results presented in MSO coordinate system for (top panels) Run T1, the perfectly northward IMF, and (bottom panels) Run T2,
the perfectly southward IMF, as listed in Table 1. (a, b) Background color shows the magnitude of the magnetic field in logarithmic scale, and the streamlines
show magnetic field line tracing. (c, d) Electric current density flowing normal to the presented planes along the along the y axis. We calculated electric field
from the general Ampère's law, J = 𝜇−1

0 ∇ × B. (e, f) Plasma density normalized to the upstream solar wind density, nsw = 30 cm−3. (g, h) Solar wind plasma
speed normalized to the upstream solar wind speed, |usw| = 370 km/s. Our simulation results are three-dimensional (3-D in both velocity and space), but we
only present two-dimensional cuts in the midnight meridian plane (xz plane at y = 0), viewed from the orbital motion of Mercury (i.e., the −y axis). Mercury is
shown by a circle, centered at the origin of the MSO coordinate system. The bow shock and magnetopause currents are labeled in panel c and the direction of
the solar wind (SW) and the IMF are shown by black and green arrows, respectively, in panels (c) and (d).

for the southward IMF, which is ∼490 nA/m2 and is outside the color bar range for better visualization of the
electric currents. Another noticeable difference is in the topology of the magnetic field lines in the magne-
totail. Figure 1a demonstrates that the magnetic field structure at the nightside close to the planet is nearly
dipolar for the northward IMF, while Figure 1b shows that the closed field lines are at very low latitudes
close to the equator for the southward IMF.

Figure 2 shows global maps of the solar wind proton precipitation to the surface of Mercury obtained from
our hybrid simulations for the perfectly northward IMF in Run T1 (Figures 2a and 2b), and for the perfectly
southward IMF in Run T2 (Figures 2c and 2d). The maps are generated through the time-integration method
explained in section 2.2. The top panels in Figure 2 show the relative solar wind proton density, n/nsw, and
the bottom panels show the relative proton flux, F/Fsw, that impact the surface of Mercury, all normalized to
the solar wind upstream values presented in Table 1 (i.e., nsw and Fsw = nswvsw). We estimated the boundary
of the open-closed magnetic field lines from magnetic field line tracing of our simulations presented in
Figures 1a and 1b (i.e., at a fixed time t = 500 s) and showed the boundaries by dashed black lines on each
panel in Figure 2. The local time (LT) is also shown at latitude 0◦ in Figures 2a and 2c, and the dayside
hemisphere is located between 6 and 18 LT, and the subsolar point is at latitude 0◦ and 12 LT.

Regardless of the IMF direction, Figures 2b and 2d show a high proton flux impacts the surface of Mer-
cury at high latitudes on the dayside (two peaks). These protons are just outside of the closed magnetic field
line region, and they access the surface of Mercury through the magnetospheric cusps (cusp precipitation).
While the density of the cusp precipitating protons is nearly 2–4 times higher than the upstream solar wind
density, their flux is comparable or slightly lower than the upstream solar wind flux, suggesting that the
impacting protons have lower energies compared to the upstream solar wind energy. By comparing the left
panels with the right panels in Figure 2, we see that the IMF orientation controls fundamental differences
in proton precipitation patterns to the surface. For example, we see that the open-closed magnetic field line
boundaries move closer to the magnetic equator for the southward IMF, compared to those for the north-
ward IMF. This is in agreement with the response of the Hermean magnetosphere to the IMF orientation
predicted by simulations (e.g., Massetti et al., 2007; Trávníček et al., 2010; Varela et al., 2015) and observed
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Figure 2. The global maps of solar wind proton precipitation to the surface of Mercury from hybrid simulations,
(a, b) for the perfectly northward IMF in Run T1, and (c, d) for the perfectly southward IMF in Run T2, presented in
Table 1. (a, c) The density of precipitating protons normalized to the upstream solar wind density nsw = 30 cm−3 and
(b, d) the flux of precipitating protons normalized to the upstream solar wind flux Fsw = 1.1 ×1013 m−2 s−1. Mercury's
local time is labeled at latitude 0◦ on panels (a) and (c). The subsolar point is at the center of each panel at latitude 0◦
and longitude 12 hr. The open-closed magnetic field line boundaries calculated from magnetic field results of our
hybrid simulations are shown by dashed black lines in each panel. The closed magnetic field lines encompass between
the drawn solid lines in the northern and southern hemisphere of Mercury. All the color bars are in logarithmic scales.
The maps are generated through the time-integration method explained in section 2.2.

by MESSENGER (e.g., Winslow et al., 2012). We see that the equatorward motion of the field line boundary
for the southward IMF on the nightside of Mercury is more significant compared to those on the dayside. By
comparing Figure 2b with Figure 2d, we see that a larger area on Mercury's dayside surface is protected by
the closed magnetic field lines against the impact of the solar wind protons for the northward IMF compared
to the southward IMF.

Another noticeable difference between the two simulation runs is a considerable incidence of solar wind
protons to the nightside surface of Mercury for the northward IMF. Figure 2a shows the density of the
impacting protons to the nightside surface is comparable to the upstream solar wind proton density. How-
ever, Figure 2b shows that the flux of these protons is relatively low, that is, 10−2 < F∕Fsw < 10−1. Our
simulations suggest (not shown here) that the incidence energy of those protons for the northward IMF is
close to or lower than 1% of the upstream solar wind energy, whereas the incidence energy of particles to the
nightside for the southward IMF is close to or comparable to the solar wind energy, even though the overall
flux is lower in this case. Figure 2b also shows an asymmetry in the incidence of protons to low latitudes on
the nightside. While the low latitudes between 0 and 6 LT are more protected against the impact of the solar
wind protons, the low latitudes at 18–24 LT, however, are exposed to a higher flux of solar wind protons. The
incidence of the solar wind protons to the nightside is partly associated with the planetward flow of plasma
from the magnetotail reconnection and partly due to the quasi-trapped protons in the nightside magneto-
sphere, evident in Figure 1e close to Mercury, that could not complete their drift motion around the planet
and come back to the dayside. Such quasi-trapped particles for the northward IMF have been previously
observed by MESSENGER (Herčík et al., 2016; Schriver et al., 2011).

Figure 3 shows the global structure of the Hermean magnetosphere for hybrid simulation Runs T3 (top pan-
els) and T4 (bottom panels). The IMF component parallel to the solar wind flow (Bx) is the most dominant
component in these simulations, which is consistent with magnetic field observations near the orbit of Mer-
cury (e.g., James et al., 2017; Korth et al., 2011; Sarantos et al., 2007). One of the most noticeable differences
between the simulations presented in Figure 3 and those shown in Figure 1 is the magnetospheric fore-
shock region, evident in Figure 3. The foreshock is a region upstream of the bow shock that is magnetically
connected to the shock and filled with backstreaming particles from the shock (e.g., Eastwood et al., 2005,
and references therein). We see the foreshock and its associated magnetic field perturbations upstream of
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Figure 3. Hybrid simulation results presented in MSO coordinate system for (a, c, e, and g) Run T3 and (b, d, f, and h) Run T4 listed in Table 1. The figure
format is the same as that shown in Figure 1.

the quasi-parallel shock in Figures 3a and 3b, where the IMF is connected to the planetary bow shock. We
also see electric current perturbations associated with the foreshock upstream of Mercury in Figures 3c and
3d and the ion foreshock region in Figures 3e–3h. A time series of our hybrid simulations (not shown here)
suggests that the Hermean foreshock is a dynamical system even though the upstream solar wind parame-
ters remain constant during our simulations. MESSENGER had previously observed foreshock-associated
ultralow frequency waves upstream of the Hermean bow shock (Le et al., 2013), but only recently were direct
observations of Mercury's foreshock plasma reported by MESSENGER's Fast Imaging Plasma Spectrome-
ter instrument (Glass et al., 2019). Recently, Jarvinen et al. (2020) using a global hybrid model of plasma
provided a detailed analysis on the structure of the ion foreshock of Mercury and its associated ultralow fre-
quency waves. Investigating the properties of the Hermean foreshock is beyond the scope of the presented
research here and left for future studies.

Figure 4 shows the solar wind proton precipitation to the surface of Mercury for simulation Runs T3 (left
panels) and T4 (right panels) when the IMF is antisunward (i.e., planetward, Bx < 0). There are some fun-
damental differences between the results from these runs and those presented in Figure 2, which show the
effects of the Bx component of the IMF on the solar wind proton precipitation to the surface of Mercury. For
example, comparing Figure 4b with Figure 4d shows that the dayside surface of Mercury is less protected
against the solar wind plasma when the planetward IMF has a small northward component. This is oppo-
site to the results presented in Figure 2 for purely ±Bz fields. Figures 4b and 4d show a large plasma flux
impacts the surface of Mercury at high latitudes on the dayside (two peaks) through magnetospheric cusps
(cusp precipitation). Unlike the results presented in Figure 2, the flux of precipitating plasma through the
northern cusp is higher than that through the southern cusp when the IMF has a northward component.
In addition, we see from Figures 4b and 4d that the incidence plasma flux to the nightside surface of Mer-
cury is considerably higher compared to those presented earlier in Figure 2. The precipitating plasma to the
nightside has a high density and flux near the open-closed filed line boundary at the nightside as well as
lower latitudes close to the equator.

Figure 5 shows the solar wind proton precipitation for hybrid simulation Runs T5 (left panels) and T6 (right
panels) when the IMF is sunward (i.e., Bx > 0). The only difference between the upstream solar wind plasma
parameters for these simulations and those presented in Figure 4 is the Bx orientation of the IMF. Figure 5
shows that when the IMF is sunward, the southern hemisphere of Mercury is more exposed to the solar
wind protons, while the northern hemisphere is more protected against the solar wind plasma compared to
the conditions that the IMF points away from the Sun (Figure 4). These results are consistent with some of
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Figure 4. The global maps of the solar wind proton precipitation to the surface of Mercury from hybrid simulations for
planetward IMF, (a, b) for Run T3, and (c, d) Run T4, presented in Table 1. The figure format is the same as that shown
in Figure 2.

the previous models on the solar wind plasma precipitation to the surface of Mercury (Mangano et al., 2013;
Massetti et al., 2007) and telescope observations of Na exosphere (Leblanc et al., 2009).

As listed in Table 1, we investigate plasma precipitation to the surface of Mercury for the first two MESSEN-
GER flybys known as the M1 (14 January 2008) and M2 (6 October 2008) flybys. For both of these flybys,
MESSENGER almost passed through the equatorial plane of Mercury where the IMF was planetward and
northward during the M1 and planetward and southward during the M2 flyby (Slavin et al., 2008, Slavin et
al., 2009). As explained previously by Fatemi et al. (2018), we used Amitis to infer solar wind plasma param-
eters upstream when MESSENGER is passing through the magnetosphere of Mercury during the M1 and
M2 flybys. Our model (not shown here but explained in detail in Fatemi et al., 2018) suggests that the solar
wind dynamic pressure during the M1 and M2 flybys was 7.0 and 8.7 nPa, respectively. Figure 6 compares
our hybrid simulation results (red lines) with MESSENGER magnetic field observations (black lines) for
the M1 (Figures 6a–6d) and M2 (Figures 6e–6h) flybys. The location of different magnetospheric boundary

Figure 5. The global maps of the solar wind proton precipitation to the surface of Mercury from hybrid simulations for
sunward IMF, (a, b) for Run T5, and (c, d) Run T6, presented in Table 1. The figure format is the same as that shown in
Figure 2.
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Figure 6. Comparison between our hybrid simulation results (red lines), undisturbed intrinsic magnetic dipole of Mercury (blue dashed lines) and
MESSENGER magnetic field observations (black lines) along the trajectory of MESSENGER for (a–d) the M1 flyby on 14 January 2008, and (e–h) the M2 flyby
on 6 October 2008. The midpoint location of the bow shock (BS) and magnetopause (MP) boundaries estimated by Slavin et al. (2008) and Slavin et al. (2009) as
well as the closest approach (CA) to the planet are shown by the vertical black lines.

crossings, that is, the bow shock (BS) and magnetopause (MP), are shown by solid vertical lines on each
panel. Figures 6a–6d show that there is a very good agreement between our hybrid simulations and MES-
SENGER magnetic field observations during the M1 flyby. We see that our model almost perfectly captures
different magnetospheric boundaries and processes during the M1 flyby including the inbound bow shock
(BS) crossing at 18:08, inbound magnetopause (MP) crossing at 18:43, double magnetopause layers at 19:14
(see Anderson et al., 2011; Müller et al., 2012, for more details), and outbound bow shock (BS) crossing at
∼19:19 (MESSENGER boundary crossings are obtained from Slavin et al., 2008).

Figures 6e– 6h show that there is also a good agreement between our hybrid simulations and MESSENGER
magnetic field observations for the M2 flyby, except a large discrepancy between our simulations and obser-
vations in the Bx component (Figure 6e) after MESSENGER passed the inbound magnetopause and moved
into the plasma sheet close to the planet at nightside (between ∼08:10 and ∼08:40). In this period, the Bx
component of our hybrid simulation is very close to the undisturbed planetary dipole field shown by dashed
blue lines. This is because in this period, a plasma void (vacuum) region forms in our simulations on the
nightside close to Mercury due to plasma absorption on the planetary dayside. An example of a nightside
vacuum region can be seen in Figure 1f where plasma density is almost zero in the nightside magnetotail.
Moreover, the difference between our hybrid simulations and MESSENGER magnetic field observations
could be associated with time variability of the upstream IMF, which is not included in our simulations.

Figure 7 shows the solar wind proton precipitation to the surface of Mercury for the M1 (left panels) and
M2 (right panels) flybys. Since the IMF orientation and strength during these two flybys are similar to those
presented in Runs T3 and T4, our results presented in Figure 7 are similar to those presented in Figure 4.
Some minor differences between the results in Figures 4 and 7 are associated with the 50 km/s solar wind
flow speed along the +y axis we have considered only for the M1 and M2 flybys (see section 2.1). Our hybrid
simulations presented in Figure 7 are qualitatively similar to MHD simulations presented by Benna et al.
(2010) and Burger et al. (2010). Both of these studies, similar to our results presented in Figure 7, predicted
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Figure 7. The global maps of the solar wind proton precipitation to the surface of Mercury from hybrid simulations, (a,
b) for the M1 flyby, and (c, d) for the M2 flyby, presented in Table 1. The figure format is the same as that shown in
Figure 2.

a high proton density and flux impacting the dayside magnetosphere through the cusps as well as plasma
precipitation to the nightside at low latitudes only for the M1 flyby (i.e., northward IMF), also evident in our
simulation results presented in Figures 7a and 7b. This is in contrast to previous hybrid simulations of plasma
precipitation to the surface of Mercury during the M1 and M2 flybys did not predict the low-latitude night-
side precipitation and only predicted plasma impact to the high latitudes at the boundary of open-closed
field lines (Trávníček et al., 2010; Wang et al., 2010).

In addition to the IMF direction, we examined the effects of the solar wind dynamic pressure on the solar
wind proton precipitation to the surface of Mercury. Figure 8 shows our hybrid simulation results for Run
E1, a perfectly northward IMF (left panels), and Run E2, a perfectly southward IMF (middle panels), where
the solar wind dynamic pressure for both of these runs is 6 times higher (42.2 nPa) than those presented in
Figure 2. The right panels in Figure 8 show the simulations results for Run E3, a perfectly northward IMF
where the solar wind dynamic pressure is an order of magnitude higher (72.3 nPa) than those presented
in Figure 2. From all the different panels in Figure 8 we see that the southern hemisphere of Mercury's
dayside is highly exposed to the solar wind plasma for high dynamic pressures. Similar to the results pre-
sented in Figure 2, the incidence flux to the southern hemisphere of Mercury is slightly higher for a perfectly
southward IMF (Figure 8d) compared to that for a perfectly northward IMF (Figure 8b). For example, the
median incidence flux to the southern hemisphere for Runs E1 and E2 are ∼31% and ∼42% of the solar wind
upstream flux, respectively. In addition, Figure 8b shows that for the perfectly northward IMF a significant
fraction of the solar wind flux (over 25%) impacts the low latitudes on the nightside surface of Mercury.
Results from Run E3, Figures 8e and 8f show that almost the entire dayside surface of Mercury is unprotected
against the incidence solar wind for very high dynamic pressures (72 nPa here), although some regions on
the northern hemisphere remain partially protected against the solar wind. Our magnetic field line tracing
could not always determine the open-closed field line boundary on the southern hemisphere on the dayside
for the simulations presented in Figure 8, especially for Run E3, as the dayside magnetopause partially col-
lapsed to the surface or stands right above the surface. Therefore, we do not show the field line boundaries
on the dayside for simulation Run E3 on the southern hemisphere.

3.2. Precipitation Flux to the Surface of Mercury
Using our simulation results presented in section 3.1, we calculated the solar wind proton precipitation
rate (Qt) to the surface of Mercury (i.e., the integral of the incidence flux over the entire surface), and the
results are summarized in Figure 9. Figure 9a shows the total proton incidence rate to the entire surface of
Mercury for each simulation run. Figure 9b shows the percentage of the incidence rate separated into four
different quadrants on the surface including the northern hemisphere on the dayside (i.e., 0–90◦N and 6–18
LT, shown by blue bars), the southern hemisphere on the dayside (i.e., 0–90◦S and 6–18 LT, shown by green
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Figure 8. Contour maps of the solar wind proton precipitation to the surface of Mercury from hybrid simulations, (a, b) Run E1, (c, d) Run E2, and (e, f) Run
E3, presented in Table 1. For Runs E1 and E2, the solar wind proton density nsw = 70 cm−3, the solar wind flow speed |vsw| = 600 km/s, and the solar wind
dynamic pressure Pdyn = 42.2 nPa. For Run E3, the solar wind proton density nsw = 120 cm−3, the solar wind flow speed |vsw| = 600 km/s, and the solar wind
dynamic pressure Pdyn = 72.3 nPa. We could not trace the open-closed magnetic field line boundaries on the dayside southern hemisphere for Run E3 due to
the disappearance of the southern cusp. The figure format is the same as that shown in Figure 2.

bars), the nightside (i.e., 90◦S to 90◦N) between 0 and 6 LT (orange bars), and the nightside between 18 and
24 LT (magenta bars). The percentage of the incidence rate to the entire dayside and nightside hemispheres
are also labeled on the top left and top right of the bar charts for each simulation run, respectively.

Figure 9a shows that for the typical solar wind condition near the orbit of Mercury (i.e., Runs T1–T6, M1,
and M2) the total incidence rate is (1.1–4.8) ×1025 protons second, while for the extreme events (i.e., Runs
E1–E3) the incidence rate increases to (2.2–9.8) ×1026 protons per second, which is one to two orders of
magnitude higher compared to the runs for typical solar wind conditions. Figure 9a also shows that for the

Figure 9. (a) The total solar wind proton incidence rate to the entire surface of Mercury for the typical solar wind condition at the orbit of Mercury (i.e., Runs
T1–T6, M1, and M2) and for extreme events (i.e., Runs E1–E3). The northward (N) or southward (S) oriented IMF as well as the planetward or sunward
pointing IMF are labeled at the top of this panel; (b) the percentage of the total incidence rate into four different quadrants on the surface including the
northern dayside quadrant covering an area between 0–90◦N and 6 to 18 local time (blue bars), the southern dayside quadrant covering an area between 0–90◦S
and 6 to 18 local time (green bars), the area covered between 90◦S to 90◦N and 0 to 6 local time (orange bars), and the area covered between 90◦S to 90◦N and
18 to 24 local time (magenta bars). The percentage of the precipitation rate to the entire dayside and nightside hemispheres are labeled on the top left and top
right of the bar charts for each simulation run.
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typical solar wind condition the total incidence rate is higher when the IMF has a northward component
compared to that when the IMF has a southward component. As shown previously in Figures 2, 4, and 5,
and also evident from Figure 9b, most of the precipitating particles impact the nightside surface of Mercury
when the IMF is northward. For example, as labeled in Figure 9b, 52% of the total incidence protons impact
the nightside surface of Mercury for Run T1. Moreover, we see from Figure 9b that, in general, for typical
solar wind conditions, ≥50% of the precipitating protons impact the nightside hemisphere, except when
the IMF is southward and has an angle larger than the typical Parker spiral angle (∼16–30◦, depending on
Mercury's distance from the Sun James et al., 2017) at the orbit of Mercury (i.e., Runs T2 and M2).

Furthermore, Figure 9b shows that, regardless of the IMF direction, the southern quadrant on the dayside
(green bars) is more exposed to the solar wind protons compared to the northern quadrant (blue bars), which
is due to the northward displacement of the planetary magnetic field. This asymmetry is increasingly evident
when the IMF has a dominant sunward component (i.e., Runs T5 and T6) or when the Bx component is zero
(i.e., Runs T1 and T2). When the IMF is sunward, the incidence rate to the southern quadrant is nearly an
order of magnitude higher than that to the northern quadrant. On the contrary, when the IMF is planetward,
our simulations suggest that the northern quadrant on the dayside becomes more open to the solar wind
protons compared to the other IMF orientations. For example, the incidence rate to the dayside Northern
Hemisphere for Run T3 is ∼ 0.49 × 1025 protons per second, while for Run T5 is ∼ 0.23 × 1025 protons per
second. Our simulations also show that there is an asymmetry in the solar wind proton precipitation on the
nightside. When the IMF is northward and Bx ≠ 0 (i.e., Runs T3, T5, and M1), most of the incident particles
to the nightside impact the area covered between 18–24 LT (purple bar). On the contrary, when the IMF
has a southward component (i.e., runs T4, T6, and M2), the incidence rate to the area covered between 0–6
LT is dominant (orange bars). When the solar wind dynamic pressure is extremely high (i.e., Runs E1–E3),
most of the precipitating solar wind protons impact the southern quadrant on the dayside (Runs E1 and E2),
unless the dynamic pressure is exceptionally high (e.g., Run E3) such that the entire dayside magnetosphere
collapses to the surface and differences between the nothern and southern hemispheres are muted.

3.3. Proton Precipitation Through Magnetospheric Cusps
We also estimated the geographical extent for precipitation patterns through magnetospheric cusps to the
surface of Mercury for each of our simulations except for Run E3. Since the entire dayside magnetosphere has
collapsed to the surface for that run, there is basically no cusp for that simulation, and is thus not included
in our analyses here. Figure 10a shows the latitudinal extent of the cusp precipitation. Regardless of the
IMF direction, we see that, in general, the solar wind protons precipitate to higher latitudes on the northern
hemisphere, compared to those impacting the surface on the southern hemisphere, which is due to the
northward offset in Mercury's dipole magnetic field. For the typical solar wind condition at the orbit of
Mercury (i.e., Runs T1–T6, M1, and M2), the northern and southern cusps are centered at ∼70◦N and ∼53◦S,
respectively, on average. The solar wind proton precipitation through the northern cusp extends between
67◦N and 78◦N with an average latitudinal extent of ∼11◦ for the simulation conditions modeled here. The
precipitation through the southern cusp has a broader extent compared to the northern cusp and is located
between 46◦S and 66◦S with an average latitudinal extent of ∼21◦. For high solar wind dynamic pressures
(i.e., Runs E1 and E2), we see that the northern cusp does not extend as much as the southern cusp does.
This is again due to the northward offset of Mercury's internal fields that makes the magnetic fields much
stronger in the northern hemisphere compared to the southern hemisphere, especially at high latitudes. For
simulation Run E1, the southern cusp precipitation extends between 79◦S and 3◦S, and for Run E2 it extends
between 73◦S and 17◦N. Figure 10b shows the center of longitudinal extent in LT. The center of the cusp
precipitation in the northern hemisphere is close to 13 LT and in the southern hemisphere is near 12:30 LT.

The limits of the northern cusp extent from our simulations shown in Figures 10a and 10b are in good
agreement with MESSENGER observations. Winslow et al. (2012) from the first six months of MESSENGER
observations of the magnetic pressure deficit in the northern cusp found the limits for the cusp are 55.8◦N
and 83.6◦N with the mean extent of ∼ 11◦ latitude, and extends for 7.2–15.9 hours in LT, centered near
noon. Later, Winslow et al. (2014) used proton reflection and observation of proton loss cones to show that
the northern cusp is centered at 76.4◦N on local noon extending 15.6◦ in latitude and 7.5 hr in LT. Due
to the orbital geometry of MESSENGER, the spacecraft was located outside of the magnetosphere and the
southern cusp could not be mapped to the surface (Winslow et al., 2014); thus, no observation is available
to be compared with our model results in the southern cusp.
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Figure 10. (a) Latitudinal extent for the solar wind proton precipitation through northern and southern magnetospheric cusps for different hybrid simulation
runs listed in Table 1, (b) The center of the longitudinal extent in the northern (blue line) and southern (orange line) cusp precipitation area shown in local
time. (c) The incidence area of the solar wind proton precipitation through the northern (blue line) and southern (orange line) magnetospheric cusps to the
surface of Mercury. The sum of the covered area by the northern and southern cusp precipitations is shown by the black line. (d) The incidence rate of the solar
wind proton precipitation through the magnetospheric cusps in the same format presented in panel c.

We also calculated the incidence area and the incidence rate of the solar wind protons precipitating through
the magnetospheric cusps, and the results are shown in Figures 10c and 10d, respectively. We see that in gen-
eral, the cusp precipitation area and the incidence rate through the southern cusp is higher than that through
the northern cusp. For typical solar wind conditions, the cusp precipitation area on the northern hemisphere
is between 1.8 ×1011 and 1.2 ×1012 m2 and on the southern hemisphere is between 7.7 ×1011 and 3.7 ×1012

m2. As shown in Figures 10c and 10d, our simulations suggest that there is an anticorrelation between the
northern and southern cusp precipitation area and the incidence rate, such that the total incidence area and
the incidence rate over both cusps (shown by black lines in Figures 10c and 10d) remain relatively constant
for different IMF orientations (∼ 2.5 × 1012 m2 and 7.7×1024 protons per second, respectively, on average).
This shows that the total proton impact rate and the incidence area through magnetospheric cusps are not
strongly controlled by the IMF orientation. However, as shown in Figures 10c and 10d, the increase of the
solar wind dynamic pressure considerably enhances the incidence area and the incidence rate of protons,
especially through the southern cusp.

Winslow et al. (2012) also estimated the northern cusp area and the solar wind proton precipitation through
that area using MESSENGER observations. They found that (1.1 ± 0.6) ×1024 protons per second impact
the surface over an area of (5.2 ± 1.6) ×1011 m2 near the northern cusp. These results are in agreement with
our simulation results presented in Figures 10c and 10d. Winslow et al. (2012) also found that the plasma
pressure in the northern cusp is∼40% higher when the IMF is planetward than when it is sunward. Our sim-
ulations also suggest that nearly an order of magnitude higher number of protons impact the surface through
the northern cusp (blue line in Figure 10d) when the IMF is planetward (Runs T3 and T4) compared to when
the IMF is sunward (runs T5 and T6). Winslow et al. (2012) also predicted that the particle flux impacting the
surface near the southern cusp should be about 4 times higher than in the north. Our simulations suggest
that when the IMF is planetward (Runs T3 and T4), there is little difference between the precipitation rate
through the northern and southern cusps, whereas for the sunward IMF (Runs T5 and T6), this difference
becomes considerable with nearly an order of magnitude higher incidence rate to the southern hemisphere
(orange line) compared to the northern hemisphere (blue line). Some of these differences between MES-
SENGER observations and our simulations could be associated with the different method we have taken in
estimating the cusp and the method applied by Winslow et al. (2012). While Winslow et al. (2012) obtained
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their results by detection of magnetic field depression through the assumption of pressure balance between
magnetic field and plasma at the orbit of MESSENGER (∼400–700 km above the surface), we have directly
calculated the cusp precipitating area from our hybrid simulations on the surface of Mercury.

4. Discussion
One of the frequent patterns observed for Na exosphere is the double peak emission at high latitudes on
the dayside, which is suggested to be correlated with plasma precipitation through magnetospheric cusps
(e.g., Killen et al., 2001; Leblanc et al., 2008; Mangano et al., 2013, 2015). Recently, Mangano et al. (2015)
using ground-based telescope observations of Na emission combined with MESSENGER magnetic field
observations showed a relatively strong correlation between the double peak emission and southward IMF
conditions. A southward IMF is a favorable orientation for magnetic reconnection, a process that is thought
to play a major role in the entry of the solar wind plasma into the magnetosphere of Mercury (e.g., Raines et
al., 2015; Slavin et al., 2008, 2009). In addition to observations, numerical simulations have also suggested
that the magnetic reconnection during southward IMF results in higher access of the solar wind plasma to
the surface of Mercury (e.g., Chanteur et al., 2014; Ip & Kopp, 2002; Kabin et al., 2000; Kallio & Janhunen,
2003; Massetti et al., 2007' ; Trávníček et al., 2007; Trávníček et al., 2010; Varela et al., 2015). However, when
the radial component of the IMF is dominant, which is a typical feature of the Parker spiral near the orbit
of Mercury (James et al., 2017; Korth et al., 2011; Sarantos et al., 2007), our simulation results (Figures 4
and 5) and analyses (Figure 10) do not show any strong dependence between the Bz component of the IMF
and plasma precipitation to high latitudes on the dayside. This conclusion is in agreement with MESSEN-
GER observation of magnetic reconnection at Mercury (DiBraccio et al., 2013). Unlike the reconnection at
Earth (e.g., Birn et al., 2001; Sonnerup et al., 1981), MESSENGER's statistical survey of the magnetopause
reconnection surprisingly revealed that the reconnection rate at Mercury is independent of the IMF angle
(magnetic shear angle) (DiBraccio et al., 2013), which is perhaps a result of the low plasma 𝛽 and low Alfvén
Mach number at the orbit of Mercury (DiBraccio et al., 2013; Massetti et al., 2017).

In addition to double peak emissions, single peak emissions near the equator also observed (e.g., Mangano
et al., 2015; Orsini et al., 2018; Potter et al., 1999). Mangano et al. (2015) reported that the single peak emis-
sion is more common when the IMF is northward (74%). Such a correlation with northward IMF is again not
observed in our simulations. Our model suggests that for the typical solar wind dynamic pressure, plasma
precipitates to both hemispheres on the dayside with relatively higher flux to the northern (southern) hemi-
sphere when the IMF is planetward (sunward). As shown in Figure 8, the only condition for which the
solar wind plasma impacts the low latitude region close to the equator on the dayside occurs when the solar
wind dynamic pressure is extremely high (i.e., during CMEs). This conclusion is in agreement with recent
ground-based observations of Na emission, reported by Orsini et al. (2018), found Na emission over the
subsolar region (close to the equator) when MESSENGER detected the passage of two ICMEs.

Mercury's Na exosphere shows temporal and spatial variability, reported by both ground-based telescopes
and MESSENGER spectrometer observations (Cassidy et al., 2015, 2016; Doressoundiram et al., 2010; Killen
et al., 2001; Leblanc et al., 2008, 2009; Leblanc & Johnson, 2010; Mangano et al., 2013, 2015; Massetti et
al., 2017; Orsini et al., 2018; Potter & Morgan, 1990; Potter et al., 1999; Schmidt et al., 2010). The temporal
variability has a broad time-range from tens of minutes to days (e.g., Cassidy et al., 2015; Mangano et al.,
2013; Massetti et al., 2017; Leblanc et al., 2009; Potter & Morgan, 1990; Schmidt et al., 2010). While the
long-term variations are mainly attributed to the changes in Mercury's position in its highly eccentric orbit
around the Sun (e.g., Cassidy et al., 2015; Mangano et al., 2013), the short-term variations are suggested to be
related to the rapid changes in the solar wind plasma and IMF orientation (e.g., Killen et al., 2001; Leblanc
et al., 2009; Mangano et al., 2015; Orsini et al., 2018). Our simulation results presented here further support
the idea that the solar wind plasma precipitation to the surface of Mercury is highly responsive to the IMF
orientation and solar wind plasma parameters.

Short-term temporal variability of Mercury's Na exosphere has been observed by Earth-based ground tele-
scopes (Leblanc et al., 2009; Potter et al., 1999). Leblanc et al. (2009) from a single day observation of
Mercury's exosphere found that the high Na emission brightness in the northern hemisphere vanished after
a few hours while the high emission in the southern hemisphere showed a more persistent peak. They found
a correlation between high Na emission in the southern hemisphere and a strong sunward component of the
IMF; a feature which was predicted before by simulations (Massetti et al., 2007) and reported again later by
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ground-based observations (Mangano et al., 2013; Mangano et al., 2015). Our simulation results (Figures 5,
9, and 10) also show a strong dependence between sunward IMF and a high flux of solar wind proton precip-
itation to the southern hemisphere. Our results suggest that for the event observed by Leblanc et al. (2009),
if the solar wind dynamic pressure remained relatively constant over the course of their observation, it could
be possible that the radial component of the IMF had changed from planetward, which causes a higher
plasma precipitation to the northern hemisphere (e.g., Figure 4), to sunward (e.g., Figure 5). However, we
cannot necessarily constrain changes in the z component of the IMF from our simulations.

Our simulation results suggest a noticeable north-south asymmetry in the solar wind plasma precipitation
to the surface of Mercury, which is controlled by the IMF orientation (Figure 9). Ground-based observa-
tions also found a north-south asymmetry in the Na emission intensity at high latitudes (e.g., Mangano et
al., 2015; Potter et al., 1999; Potter et al., 2006; Schleicher et al., 2004; Yoshikawa et al., 2008). Our model
suggests that when the IMF is perfectly along the z axis (Figure 2) and when the IMF is sunward with
a strong radial component (Figure 5), there is a noticeable north-south asymmetry in the solar wind flux
impacting the surface. However, when the IMF is planetward (Figure 4), the incident flux to the northern
hemisphere increases, although the southern hemisphere is exposed to a higher flux overall. In addition,
Korth et al. (2014) used MESSENGER observations to show a north-south asymmetry in plasma pressure
on the nightside, with lower fluxes at low altitudes in the northern hemisphere compared to the south. They
suggested that this asymmetry is associated with the higher access of the solar wind plasma to the southern
hemisphere due to the magnetic dipole offset. In general, our model also shows a higher incidence rate to
the southern hemisphere compared to the northern hemisphere (Figure 10d), which is associated with the
northward offset in the planet's magnetic dipole. Furthermore, ground-based and MESSENGER observa-
tions both showed a north-south asymmetry in the antisunward Na tail with an excess in the northern tail
(e.g., Baumgardner et al., 2008; McClintock et al., 2008; Potter & Killen, 2008; Vervack et al., 2010; Schmidt,
2013). Using a Monte Carlo simulation, Schmidt (2013) showed that the main source of Na in the northern
tail is in fact the Na from the southern hemisphere that drifts to the opposite hemisphere of the tail as they
are pushed antisunward by radiation pressure.

Our simulations show a considerable solar wind flux impacts Mercury's nightside (Table 9), with a high
concentration at low latitudes close to the equator, especially when the IMF has a northward component
(e.g., Figures 3d and 5d). Despite the observations of plasma at low latitudes on the nightside (e.g., Korth
et al., 2014; Raines et al., 2015) and predictions of plasma precipitation onto those regions by MHD simu-
lations (Benna et al., 2010; Burger et al., 2010), hybrid simulation results presented prior to our study (e.g.,
Chanteur et al., 2014; Kallio & Janhunen, 2003; Trávníček et al., 2010; Wang et al., 2010) did not show plasma
precipitation at low latitudes in the nightside surface of Mercury.

As discussed earlier in section 2.3, for simplicity we ignored the large conductive core of Mercury and
assumed that Mercury is a fully resistive body with resistivity 107 Ohm·m. The large conductive body of Mer-
cury (Smith et al., 2012; Hiremath, 2012; Hauck et al., 2013) is known to respond to changes in the IMF and
solar wind dynamic pressure and push the magnetopause further upstream compared to conditions when
the conductive core is not taken into account (Glassmeier et al., 2007; Grosser et al., 2004; Heyner et al.,
2011; Jia et al., 2015). However, our simulation results (Figures 8b and 8d) suggest that even a 42 nPa solar
wind dynamic pressure is not enough to expose the entire dayside surface of Mercury's to the solar wind
plasma and a higher dynamic pressure (over 70 nPa, shown in Figure 8f) is required. Addition of conductive
core effects would presumably raise the dynamic pressure required for collapse of the dayside magneto-
sphere to higher values. Using an MHD simulation, Jia et al. (2019) also found that 56 nPa dynamic pressure
is sufficient for the magnetopause to reach Mercury's surface if the induction is not taken into account.
When induced fields are considered, they found that 107 nPa dynamic pressure is not enough to collapse the
magnetopause to the surface. Thus, it is possible that the precipitating flux of particles to the surface of Mer-
cury computed here from the extreme Events E1–E3 could be lessened with the inclusion of induced fields
(although such an effect would depend also on the decay time of the induced fields relative to the period of
extended upstream solar wind pressures). Such an investigation is noted as an area for future research.

In summary, this study provides a better understanding of the solar wind proton precipitation to the sur-
face of Mercury. The impact of the solar wind ions to the surface of Mercury produces ion sputtering and
backscattering (e.g., Mura et al., 2009; Sarantos et al., 2007). The surface-sputtered and backscattered par-
ticles, which are often neutralized, populate the neutral exosphere of Mercury (e.g., Killen et al., 2007;
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Lammer & Bauer, 1997). If the energy of the neutrals is higher than a few electron-volts, they are called
energetic neutral atoms (ENAs) (e.g., Lukyanov et al., 2004; Mura et al., 2006). ENAs originating from the
surface can be used to visualize the precipitation regions in the same way that the terrestrial aurora maps to
magnetospheric dynamics (i.e., ENA “aurora” on Mercury). In addition, measurements of ENAs are impor-
tant for understanding the contribution of sputtering to the formation of Mercury's neutral exosphere (e.g.,
Mura et al., 2006; Orsini et al., 2007). ESA's and JAXA's BepiColombo mission (Benkhoff et al., 2010; Milillo
et al., 2010), which was launched in 2018 and will arrive in its final orbit around Mercury by the end of 2025,
carries two ENA sensors to investigate Mercury's surface response to precipitating solar wind plasma. These
two sensors include Emitted Low-Energy Neutral Atoms, which is a part of the SERENA (Search for Exo-
sphere Refilling and Emitted Neutral Abundances) particle instrument suite (Orsini et al., 2010) on Mercury
Planetary Orbiter, and ENA (Energetic Neutrals Analyzer), which is a part of the Mercury Plasma/Particle
Experiment package (Saito et al., 2010) on Mercury Magnetospheric Orbiter, now called Mio. Our simula-
tion results presented here will help us to better understand future observations at Mercury by ENA and
Emitted Low-Energy Neutral Atoms sensors on BepiColombo.
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