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Key Points:21

• MESSENGER observed Mercury’s magnetosphere under rare, low-Alfvnic Mach22

number conditions during an ICME impact.23

• During the ICME, Mercury’s magnetosphere exhibited properties distinct from24

the nominal interaction.25

• Nightside plasma and magnetic field measurements suggest that MESSENGER26

traversed an Alfvn wing generated at Mercury.27
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Abstract28

We investigate Mercury’s response to rare, low Alfvnic Mach number (MA) solar wind29

conditions using observations from the Mercury Surface, Space Environment, Geochem-30

istry, and Ranging (MESSENGER) mission. This study provides compelling evidence31

of Mercury’s altered magnetospheric state under these extreme conditions, including the32

first observational confirmation of Alfvn wing formation at the planet. Our analysis es-33

timates that the upstream conditions during the ICME were sub- to trans-Alfvnic (MA34

≤ 1.5). These unusually low MA solar wind conditions were driven by large interplan-35

etary magnetic fields (IMF) associated with an interplanetary coronal mass ejection (ICME)36

impact observed by MESSENGER on December 30, 2011. During this ∼ 17 hour event,37

MESSENGER completed one orbital pass through Mercury’s magnetosphere, captur-38

ing magnetic field and plasma observations of its altered state. We compare these ob-39

servations to a three-dimensional magnetohydrodynamic simulation of the event and to40

MESSENGER observations under typical MA conditions (MA ≈ 5.0). Compared with41

its nominal state, the dayside magnetosphere during the ICME exhibited a weaker, more42

expanded bow shock and significantly lower plasma density within the magnetosheath.43

On the nightside, MESSENGER observed a highly inclined magnetic field relative to the44

typical magnetospheric magnetic field, populated with high-density plasma consistent45

with the formation of an Alfvn wing– a characteristic feature of sub-Alfvnic magneto-46

spheric interactions. This investigation of Mercury under extreme MA conditions pro-47

vides insights into the nominal, sub-Alfvnic interactions between many outer planet moons48

and their host planet’s magnetosphere and also informs our understanding of the many49

exoplanetary-stellar wind interactions occurring in low-MA environments.50

Plain Language Summary51

The flow of plasma emitted by the Sun, known as the solar wind, typically flows faster52

than any wave may travel within the plasma itself. However, on rare occasions, the prop-53

erties of the solar wind plasma may dramatically change, allowing for waves to travel faster54

than the speed of the solar wind flow. This shift has a direct impact on the interaction55

between the solar wind and a planetary magnetic field environment. In this study, we56

present observations of one of these extreme solar wind events impacting the magnetic57

field environment of Mercury. Using both a three-dimensional computer simulation, and58

observations from the Mercury Surface, Space Environment, Geochemistry and Rang-59

ing (MESSENGER) spacecraft, we investigate the ways in which this rare solar wind regime60

altered Mercury’s magnetic field environment. We draw interesting comparisons between61

the solar wind-Mercury interaction under this extreme case to the typical interaction be-62

tween the near-Jupiter plasma environment and Jupiter’s moon Ganymede. Investiga-63

tions of rare solar wind conditions at planets within our own solar system also inform64

us of the range of possible regimes that characterize interactions between planets and65

stars outside our solar system.66

1 Introduction67

A key characteristic of the stream of charged particles emitted by the Sun, known as the68

solar wind, is the ratio of the flow speed to the Alfvn speed – the speed at which mag-69

netic field disturbances propagate in the solar wind plasma. This ratio, known as the Alfvnic70

Mach number (MA), increases with radial distance from the Sun and typically reaches71

a value of 1 at a heliocentric distance around 0.08 AU (Cravens et al., 1997). Beyond72

this distance, the solar wind speed (vSW ) mostly exceeds both the Alfvn speed (vA) and73

the fast-mode wave speed (vf ), which is the fastest wave mode in a plasma. Planetary74

interactions with the solar wind in the solar system are therefore nominally both super-75

Alfvnic (MA >> 1) and super-fast (Mf >> 1), where Mf is the ratio of vSW to vf . This76

super-fast solar wind results in various magnetospheric phenomena including the forma-77
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tion of a planetary bow shock upstream of the planet and the windsock-like shape of the78

magnetopause and magnetosphere, where magnetic field lines are stretched tailward by79

the solar wind flow.80

In contrast, moons in orbit within planetary magnetospheres are often embedded in a81

sub-Alfvnic, sub-fast (MA, MF < 1) flow, resulting in a distinct interaction between the82

moon and upstream magnetospheric plasma of their parent planet. In the sub-Alfvnic/sub-83

fast regime, no bow-shock forms. Instead, the unshocked magnetospheric plasma inter-84

acts directly with the moons, unlike the super-Alfvnic planetary interactions in which85

the shocked magnetosheath plasma separates the solar wind from the magnetosphere.86

The moons form an obstacle to the flow of magnetospheric plasma and thus perturb the87

plasma and magnetic field environment around them, generating Alfvn waves (Drell et88

al., 1965; Neubauer, 1980; Kivelson et al., 2004; Jia et al., 2008; Saur, 2021). These Alfvn89

waves are simultaneously convected downstream, forming a pair of Alfvn wings connected90

to either side of the moon. Alfvn wings and their influence on the plasma environment91

have been detected at Io (Szalay et al., 2018, 2020b; Sulaiman et al., 2023; Szalay et al.,92

2024), Europa (Volwerk et al., 2007; Allegrini et al., 2020), Ganymede (Szalay et al., 2020a;93

Hue et al., 2022), and Titan (Kim et al., 2024). Moreover, global simulations of the en-94

vironments of Callisto (Liuzzo et al., 2018) and Triton (Simon et al., 2021) strongly sug-95

gest that these moon-magnetospheric interactions are also characterized by Alfvn wing96

formation.97

Under rare conditions, the solar wind is sub-Alfvnic at 1 AU. At Earth, these sub-Alfvnic98

conditions occur on average once every two years (Chané et al., 2012; Hajra & Tsuru-99

tani, 2022) and are most often associated with extreme solar wind conditions within in-100

terplanetary coronal mass ejections (ICMEs) (Lavraud & Borovsky, 2008). ICMEs are101

often associated with enhanced interplanetary magnetic field (IMF) strength and typ-102

ically low solar wind plasma density, both of which increase the Alfvn speed and decrease103

MA. Magnetohydrodynamic (MHD) simulations of the terrestrial magnetosphere have104

demonstrated that sub-Alfvnic upstream conditions transform Earth’s magnetosphere105

and lead to the complete retreat of the bow shock away from the planet and the forma-106

tion of Alfvn wings in place of the windsock-like magnetopause and magnetotail (Ridley,107

2007; Chané et al., 2015; Burkholder et al., 2024). These simulations demonstrated that108

Earth’s magnetosphere begins to transform from the purely super-Alfvnic interaction regime109

for trans-Alfvnic solar wind (1 < MA < 2). Low MA conditions at Earth lead to var-110

ious alterations to the terrestrial magnetosphere compared to the nominal case (MA ≈111

7.5), including asymmetric magnetosheath flows, cross polar cap potential saturation,112

the development of Alfvn wings, and a drop-out of high energy electron populations within113

the radiation belt environment (Lavraud & Borovsky, 2008; Lugaz et al., 2016). Alfvn114

wings were first observed at Earth under extremely low upstream plasma density through115

simultaneous measurements of the WIND and Geotail spacecraft (Chané et al., 2012),116

and have recently been observed by the Magnetospheric Multi-Scale (MMS) mission dur-117

ing an ICME event (Chen et al., 2024).118

The MA of the solar wind at Mercury’s eccentric orbit (0.31–0.47 AU) is the lowest on119

average compared to all planets in the solar system, with an average value of ≈ 5.4 (Russell120

et al., 1988; Slavin & Holzer, 1981; Sun et al., 2022), compared to the median MA at Earth121

of 7.5 (Lavraud & Borovsky, 2008). As a result, Mercury is subjected to sub-Alfvnic so-122

lar wind conditions more frequently than at Earth (Liu et al., 2005; Sarantos & Slavin,123

2009; Diego et al., 2020; Lai et al., 2024). Sarantos and Slavin (2009) argued that the124

large magnitude IMF during ICME impacts may form Alfvn wings at Mercury given suf-125

ficient effective conductivity of the planet. The impact of an ICME on Mercury’s mag-126

netosphere was first observed by the MErcury Surface, Space Environment, Geochem-127

istry and Ranging (MESSENGER) spacecraft (Slavin et al., 2014; Sun, Slavin, Dewey,128

et al., 2020). Winslow et al. (2015, 2017) created a dataset of 69 ICME impacts during129

MESSENGER’s orbital lifetime (March 2011 – April 2015), statistically analyzing how130

–3–



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Journal of Geophysical Research: Space Physics

ICMEs impact Mercury’s cusp and magnetopause boundary (Winslow et al., 2020). How-131

ever, due to the nature of single spacecraft observations and the lack of upstream solar132

wind information during MESSENGER’s magnetospheric traversal, an investigation into133

the impact of sub-Alfvnic solar wind conditions at Mercury has yet to be performed.134

We present an analysis of MESSENGER observations of Mercury’s magnetosphere un-135

der low MA conditions driven by ICME impact at the planet, chosen from the list of ICMEs136

provided by Winslow et al. (2015). The properties of this ICME along with MESSEN-137

GER’s orbital trajectory make it an ideal case study to investigate the impact of low MA138

conditions at the planet. We estimate the upstream MA during this event to be among139

the lowest 5% of all ICME impacts at Mercury, with an MA value of ≤ 1.5. This ICME140

exhibited strong southward pointed IMF that likely lasted throughout MESSENGER’s141

traversal of Mercury’s magnetosphere. The spacecraft primarily sampled the noon-midnight142

plane, making it well-suited for analyzing potential Alfvn wing structures, which would143

be confined to this plane given the southward IMF orientation. We run a 3D global MHD144

simulation of Mercury’s magnetosphere using the estimated ICME conditions, the re-145

sults of which are in good agreement with MESSENGER observations and highlight the146

physics of a trans-Alfvnic solar wind interaction with a planetary system. Studying the147

planetary response to rare low-MA solar wind conditions offers an opportunity to not148

only better understand the dynamics involved in moon-magnetospheric interactions within149

our own solar system, but also to provide insights into exoplanet interactions with their150

host star, many of which are likely embedded in a nominally sub-Alfvnic stellar wind due151

to their proximity to their host star (Saur et al., 2013).152

The manuscript is organized as follows: Section 2 describes the MESSENGER instru-153

mentation used in this study. Section 3 covers the ICME event (3.1), our method for es-154

timating upstream conditions from MESSENGER observations (3.23.4), and the expected155

differences in magnetospheric interactions under super-Alfvnic and sub-Alfvnic upstream156

conditions (3.5). It also details the MHD simulation setup (3.6) and examines how MES-157

SENGER’s observations reflect changes in Mercury’s magnetosphere under these extreme158

conditions (3.73.10). Section 4.1 provides an overview of Mercury’s magnetosphere un-159

der low MA conditions. Finally, Sections 4.2 and 4.3 contextualize these findings within160

previous studies of extreme solar wind conditions at Mercury and discuss implications161

for future spacecraft missions.162

2 Methodology163

We investigate Mercury’s magnetospheric response to low-MA conditions via analysis164

of data obtained by the magnetometer (MAG) instrument onboard MESSENGER (Anderson165

et al., 2007) and the Fast Imaging Plasma Spectrometer (FIPS) instrument (Andrews166

et al., 2007). MAG measures the three components of the magnetic field at a maximum167

sampling rate of 20 Hz. In this study, we focus on the large-scale magnetospheric response168

and therefore downsample the data to 1 Hz resolution. The magnetic field data are re-169

ported in the aberrated Mercury Solar Magnetospheric MSM ′ coordinate frame. This170

coordinate system is centered on Mercury’s dipole magnetic field, which is offset north-171

ward from Mercury’s center of mass by ∼ 0.2 RM (Anderson et al., 2011), where RM172

is the radius of Mercury (1RM = 2440 km). ZMSM ′ points towards Mercury’s northern173

magnetic pole. XMSM ′ points in the opposite direction to the solar wind flow in the rest174

frame of Mercury, which is not exactly sunward due to aberration effects from Mercury’s175

orbital motion. The aberration angle between Mercury’s orbital velocity and the vec-176

tor that points radially outward from the Sun is calculated daily and is used to deter-177

mine XMSM ′ , assuming an average solar wind velocity of 400 km/s. This aberration an-178

gle ranges from 5.6◦ at aphelion to 8.4◦ at perihelion. YMSM ′ completes the right-handed179

coordinate system.180
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FIPS measured the energy per unit charge (E/q), time of flight, and angle of incidence181

for ions within an energy range 0.05-13 keV taken over 64 energy bins. Energy spectra182

within this energy range were taken within the instantaneous 1.4π sr field of view (FOV)183

of FIPS. MESSENGER’s sunshade partially blocked plasma incoming from the antisun-184

ward direction into the detector, resulting in an effective field of view of ∼ 1.15π sr. FIPS185

measurements are therefore more limited to plasma traveling transverse to the Mercury-186

Sun line, which excludes cold plasma flows that move radially outward from the Sun within187

the solar wind (Raines et al., 2011; Gershman et al., 2013). This FOV effect is less rel-188

evant for hot plasma populations present within Mercury’s magnetosphere and within189

parts of the magnetosheath, particularly near the subsolar point.190

ICMEs are characterized by extremes in solar wind datasets and can exhibit very low191

MA within their structures. A list of 61 MESSENGER observations of ICME impacts192

for the first 3.5 years of the MESSENGER mission (March 18, 2011 through 17 Septem-193

ber 2014) was compiled in Winslow et al. (2015). These observations were identified via194

a set of visual criteria within the MAG dataset time series. These criteria included ob-195

servations of an interplanetary shock, followed by a sheath region and magnetic ejecta196

region within the solar wind. To be included in the list of ICMEs, observations of the197

magnetic ejecta must have been observed both before and after MESSENGER’s traver-198

sal through the magnetosphere, and produce visible disturbances in the magnetospheric199

magnetic fields. These criteria were designed to be strict to unambiguously detect ICMEs200

observed by MESSENGER to analyze their magnetospheric impact. This likely results201

in the omission of some ICME impacts that do not meet these strict critera, likely due202

to orbital trajectory (MESSENGER must be in the solar wind at the time of the ICME203

onset), and the duration of the ICME, among other factors. Winslow et al. (2017) sta-204

tistically analyzed the properties of these ICMEs and added to the list 8 ICME impacts205

for the remaining ∼ 1 year of MESSENGER data, resulting in 69 total ICME impacts.206

From this list, we select the best candidate orbit to study the impact of low MA con-207

ditions on Mercury’s magnetosphere. Many of the distinguishing phenomena of sub-Alfvnic208

magnetospheric interaction occur within the plane of the upstream magnetic field. There-209

fore, the ideal case for studying sub-Alfvnic conditions at Mercury would be an ICME210

impact with very low MA and an IMF direction that is aligned with MESSENGER’s or-211

bital plane throughout the spacecraft’s traversal through the magnetosphere.212

3 Results213

3.1 MESSENGER Observations of the ICME Event214

Based on the criteria described in the previous section, we identify and analyze the sin-215

gle ICME event that is most likely to exhibit a number of observable features of low MA216

solar wind interactions with Mercury’s magnetosphere. From the Winslow et al. (2015)217

and Winslow et al. (2017) ICME event list, we show the impact of an ICME that arrived218

at MESSENGER at 16:27:22 on December 30, 2011, and ended ∼ 09:19:52 on Decem-219

ber 31, 2011, as shown by the red vertical lines in Figure 1. The orbital trajectory of MES-220

SENGER during this event was largely in the XZMSM ′ plane, entering the magneto-221

sphere on the dayside north of the subsolar point and exiting the magnetosphere on the222

nightside of the planet. The same event was shown and discussed as an example ICME223

impact at Mercury in Figure 1 of Winslow et al. (2015), although its effects on Mercury’s224

magnetosphere were not examined in detail. The approximately 17-hour duration of this225

ICME entirely encompasses a single 12-hour orbital period of MESSENGER during this226

stage in the mission.227

The start of the ICME was distinguishable by a discontinuity in the magnitude of the228

magnetic field, characteristic of the ICME shock. This discontinuity resulted in a sharp229

increase of |B| from ∼ 23 nT to 57 nT. At the arrival of the ICME, MESSENGER was230

near apoapsis, sampling the upstream solar wind directly. The ICME shock was followed231

–5–



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Journal of Geophysical Research: Space Physics

Figure 1. MESSENGER MAG data at 1 s resolution in the MSM ′ coordinate frame from

2012-12-30/15:15:00 to 2011-12-31/11:15:00. Panels a-c display the XMSM′ , YMSM′ , ZMSM′

components of the magnetic field in nT. Panel d shows the magnitude of the magnetic field, |B|
in nT. Panel e shows the differential energy flux spectrogram measured by FIPS. Panel f shows

the estimated densities provided by Raines 2021. Red dots represent densities with poor quality

fits. The ICME impact was from 2011-12-30 16:27:22 – 2011-12-31 09:19:52, as indicated by the

vertical red lines. The first green line represents the instantaneous bow shock crossing on the

inbound portion of the orbit. The second two green lines show the time range of multiple bow

shock crossings on the outbound portion. The purple lines represent magnetopause crossing in-

tervals. The blue line represents the start of the magnetic cloud of the ICME. Panels g-i show

MESSENGER’s orbital trajectory plotted in the time series above in the XZ/XY /Y ZMSM′

planes. MESSENGER’s position during the start and end of the ICME are indicated on the

panels as red circles. The outer and inner dashed black lines represent the nominal bowshock

and magnetopause distances determined by Winslow et al. (2013) based on the form provided by

Shue et al. (1997).

by an ICME sheath region (∼ 16:27:22 – 20:54:00) consisting of a strong magnetic field232

that is highly variable and high FIPS counts. The magnetic field becomes smoother fol-233

lowing the ICME sheath region, and FIPS counts dramatically decrease, indicative of234

the start of the magnetic cloud of an ICME. The magnetic field is initially dominated235
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by the +ZMSM ′ and +YMSM ′ components (∼ 18:14 – 20:28). The ICME magnetic field236

then rotated, resulting in an IMF orientation that is primarily in the -ZMSM ′ direction237

from 21:30 to the inbound bow shock crossing. This smooth magnetic field rotation in-238

dicates that part of the ICME flux rope passed over MESSENGER while the spacecraft239

was in the solar wind (Burlaga et al., 1981; Song et al., 2020). After crossing Mercury’s240

planetary bow shock during the inbound portion of its orbit at 22:25:08, MESSENGER241

traversed the magnetosheath and magnetosphere, crossing the bow shock multiple times242

on the outbound portion. This series of bow shock crossings began at 01:03:11 on De-243

cember 31 and ended with the final crossing into the solar wind at 01:12:03. The mag-244

netic field in the ICME then slowly decreased from 01:12:03 to 09:19:52, where a small245

discontinuity occurred in |B|, sharply decreasing from 22 nT to 17 nT and marking the246

end of the ICME. The magnetopause and bow shock crossing locations were determined247

via the published list of visually identified boundary crossings throughout MESSENGER’s248

orbital lifetime, provided by Philpott et al. (2020)249

For the ICME event presented in Figure 1, the IMF is pointing primarily in the – ZMSM ′250

direction just upstream of the bow shock. This highly negative IMF BZ configuration251

is also observed within the dayside magnetosheath (December 30, 22:25 – 22:55) and night-252

side magnetosheath (December 31 00:18 – 01:12), suggesting that the IMF remained pri-253

marily southward throughout MESSENGER’s traversal of Mercury’s magnetosphere, which254

lasted 2.1 hours. MESSENGER’s orbit during this ICME is approximately aligned with255

the XZMSM ′ plane, ensuring that the spacecraft trajectory during this ICME is ideal256

for studying an Alfvnic interaction that mostly lies within the plane defined by the plasma257

velocity direction (−XMSM ′) and magnetic field direction (−ZMSM ′ , in this case).258

The differential energy flux of particles measured by FIPS is displayed in Figure 1e. As259

mentioned above, the FIPS instrument was particularly limited in measuring the prop-260

erties of the solar wind due to its limited field of view and sunshade (Raines et al., 2011;261

Gershman et al., 2013). Therefore, MESSENGER cannot consistently measure solar wind262

plasma density, making precise estimates of MA challenging. We cannot retrieve the plasma263

density n, velocity vSW , or temperature T from in situ measurements of the ICME within264

the magnetic cloud due to extremely low counts (Figure 1e), which are likely the result265

of the limited FOV of FIPS that prevents plasma populations moving antisunward from266

reaching the instrument. However, within the ICME sheath region, FIPS measures suf-267

ficient counts to reconstruct estimates for n, v, and T likely due to higher temperatures268

in the sheath compared to the magnetic cloud. This statistical reconstruction technique269

was developed by Dewey et al. (2018, 2020) and combines multiple FIPS scans to con-270

struct a more complete spatial flux distribution of the plasma. A software model of the271

FIPS sensor simulates the instrument’s measurements to many different drifting Maxwellian272

plasma distributions given the FOV constraints during the selected interval. The best273

fit for the plasma moments is then applied to the observations to estimate n, v, and T274

within the ICME sheath. From FIPS measurements just before the magnetic cloud (20:37:00275

– 20:50:00), this technique estimates that n ≈ 1 cm−3, v ≈ 450 km/s, T ≈ 8.5 MK within276

the ICME sheath.277

3.2 Estimates of MA278

The Alfvn speed, vA, is defined as:279

vA =
|BIMF |√
µ0ρ

(1)

Here, |BIMF | is the amplitude of the magnetic field, µ0 is the permeability of free space,280

and ρ is the mass density of the solar wind. The average |B| measured within the ICME281

sheath just before the magnetic cloud of 26 nT yields an MA estimate of MA ≈ 0.8, based282

on the plasma moments described above. However, MESSENGER traverses Mercury’s283
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magnetosphere during the magnetic cloud interval of the ICME, within which the MA284

value is different to that within the ICME sheath. Based on average ICME properties285

at Earth, compared to the ICME sheath, |B| within the magnetic cloud is larger and the286

mass density, ρ, is likely lower (Lavraud & Borovsky, 2008; Kilpua et al., 2017). This287

would result in larger vA and lower MA within the magnetic cloud compared to the ICME288

sheath. However, v within the magnetic cloud may also be higher compared to the sheath,289

making it difficult to estimate the MA within the magnetic cloud exclusively from mea-290

surements within the ICME sheath.291

To approximate MA within the magnetic cloud, we determine a proxy for MA just up-292

stream of the bow shock based on MAG data surrounding boundaries within Mercury’s293

plasma environment in the same manner as described in Winslow et al. (2017). This method294

assumes a pressure balance between the upstream solar wind (PSW ) and Mercury’s mag-295

netosphere (PM ). PSW is comprised of both a dynamic pressure term (P dynSW ) and a mag-296

netic pressure term (PmagSW ), which is non-negligible due to the high intensity magnetic297

field regime of the ICME. We assume thermal pressure is negligible in the ICME. The298

magnetic pressure supplied by Mercury’s dipole field is the dominant pressure source within299

Mercury’s magnetosphere. The pressure balance argument also assumes that the mag-300

netopause is stationary and not in the process of compression or expansion during MES-301

SENGER’s observations near the boundary. The final pressure balance expression is shown302

in Equation (2):303

P dynSW + PmagSW = PmagM (2)

P dynSW depends on the angle between Mercury’s magnetopause normal and vSW , and is304

expressed via Equation 3:305

P dynSW = ρv2SW ∗K cos2 θ (3)

The angle between the normal to Mercury’s magnetopause and the direction of the so-306

lar wind flow (−XMSM ′) is represented by θ. The scaling factor, K, is set to 0.88 based307

on numerical modeling of gas dynamics and acts as a drag coefficient of plasma around308

a planetary obstacle within a supersonic flow (Spreiter et al., 1966). This supersonic as-309

sumption may not be valid for extreme solar wind conditions (Kivelson & Russell, 1995).310

The implications of this for the estimate of MA during the ICME are discussed below.311

Next, we solve for MA in terms of these pressure values. Solving for vSW in Equation312

3 and rearranging Equation 2:313

vSW =

√
P dynSW

ρ ∗K cos2 θ
=

√
PmagM − PmagSW

ρ ∗K cos2 θ
(4)

We can now express MA in terms of PmagSW , PmagM :314

MA =
vSW
vA

=

√
Pmag

M
−Pmag

SW

ρ∗K cos2 θ

BIMF√
µ0ρ

=

√
µ0(PmagM − PmagSW )

B2
IMF ∗K cos2 θ

(5)

Thus, MA is estimated via only MAG measurements and an estimate of the angle of the315

solar wind flow to the magnetopause, θ. For our study, PmagM is estimated as the aver-316

age of the top 20% of |B| measurements within 1 minute of the innermost magnetopause317

crossing, following the same methodology as Winslow et al. (2017), to mitigate under-318

estimation due to diamagnetic depression effects. We determine BIMF by averaging |B|319

for the 30 minutes upstream of the outermost bow shock crossing. PmagSW is then deter-320

mined from this BIMF value (PmagSW =
B2

IMF

2µ0
). The normal to the magnetopause was321
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determined by first fitting the position of the magnetopause crossing to the nominal mag-322

netopause shape as described by Shue et al. (1997) and Winslow et al. (2013), assum-323

ing a constant flaring angle, and taking the normal vector to that curve at the measured324

magnetopause crossing. Reliable values for P dynSW are only possible for low values of θ (θ325

< 60◦). As a result, only the inbound portion of the orbit during the ICME yields re-326

liable estimates for P dynSW and MA.327

3.3 Comparisons between the ICME and Nominal Solar Wind Condi-328

tions329

It is informative to analyze Mercury’s magnetospheric response to the extreme case of330

an ICME event via a comparison to Mercury’s magnetosphere under more nominal so-331

lar wind conditions. To do this, we compare MESSENGER observations over the orbit332

with the ICME to the 5 orbits before and 5 orbits after the ICME. These surrounding333

orbits sample a similar spatial regime to that during the ICME, so the changes in bound-334

ary positions and upstream estimates are more likely to be the result of changing up-335

stream conditions rather than being influenced by orbital sampling effects. We estimate336

the parameters described above for the MESSENGER orbit during the magnetic cloud337

of the ICME event and the surrounding orbits under more nominal solar wind conditions,338

displaying the results in Figure 2. The estimate for MA during the ICME event is 1.5

Figure 2. Panel (a) shows orbital trajectories in cylindrical coordinates (ρMSM′ =√
Y 2
MSM′ + Z2

MSM′) for the ICME orbit (orange) and the surrounding orbits (grey). The cir-

cles and squares represent the measured location at the center of the magnetopause interval and

bow shock interval, respectively. The northern portion of Mercury’s surface in the MSM ′ frame

is shown as the gray half-circle, while the southern portion of Mercury’s surface is shown as the

dashed red half-circle. Error bars on bow shock and magnetopause crossings represent the ex-

tent of each crossing interval identified by (Philpott et al., 2020). The outer and inner dashed

black lines represent the nominal bowshock and magnetopause distances determined by Shue et

al. (1997) and Winslow et al. (2013). The horizontal axes of panels b-e represent the estimated

MA for the inbound portion of the orbit. The vertical axes are the calculated (b) BIMF [nT],

(c) Pmag
M [nPa], (d) P dyn

SW [nPa], (e) θ [deg]. Error bars represent the propagated errors from the

standard deviation of the mean of the time range used to calculate BIMF , the magnetic field just

inside the magnetopause, and the time range of magnetopause position.
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± 0.2, which is significantly lower than the surrounding orbits with MA values ranging339

from 3.5–7.7, which are more typical for Mercury’s orbital distance. Both PM and |BIMF |340

were calculated by averaging magnetic field strength over a specific time range defined341

above. To calculate the uncertainty in our MA estimates, we propagate the standard de-342

viation of the mean over these time ranges within Equation (6). However, this uncer-343

tainty calculation does not account for all assumptions underlying the MA estimates and344

it is likely that the propagated standard deviation is not the dominant source of error.345

As a result, the reported uncertainty of 0.2 should not be regarded as a fully reliable mea-346

sure of the true error of our MA estimate.347

The drag coefficient, K, used in Equation (6), depends on the sonic Mach number of the348

plasma, with lower sonic Mach numbers increasing the value of K up to a maximum value349

of 1 (Kivelson & Russell, 1995). We therefore keep K=0.88 for all MA calculations to350

remain consistent as we apply this methodology to other orbits, but note that setting351

K = 1.0 would not significantly change our calculation for MA during the ICME. For352

example, if K = 1.0, MA during the ICME event, is 1.4 ± 0.2, which is a 7% decrease353

in MA estimate.354

The average MA at Mercury’s orbit (0.31 – 0.47 AU) is 5.4 ± 3.2, as determined by Russell355

et al. (1988) using HELIOS 1 and 2 observations. Much of the uncertainty in this esti-356

mate is due to variations with heliocentric distance. This ICME passed over Mercury357

when Mercury was at a heliocentric distance of 0.42 AU. Based on fits from more recent358

Parker Solar Probe (PSP) measurements near Mercury’s orbit (Sun et al., 2022), the av-359

erage MA in the nominal solar wind at 0.42 AU is 6.6, with an average Mf of ∼ 5.0. This360

low MA during the ICME is due in large part to the greatly enhanced values of |BIMF |361

compared to the surrounding orbits and average values at this heliocentric distance (Fig-362

ure 2b). Our estimate for |BIMF | during the ICME event is 63 ± 2 nT, while |B| in the363

IMF for the surrounding orbits range from 16-22 nT. This range is more indicative of364

the nominal |BIMF | at 0.42 AU of 16 nT as calculated via the relationships of solar wind365

parameters with heliocentric distance measured by PSP and described in Sun et al. (2022).366

The MA during the ICME discussed above is in the bottom 5% of all ICMEs in the Winslow367

et al. (2015, 2017) catalogue in which this estimating method is valid (mean value of MA368

for all ICMEs is 3.7). The other 4 orbits during ICMEs with lower predicted MA val-369

ues (MA ≈ 1.0, 1.2, 1.3, and 1.4) exhibit highly variable IMF conditions upstream of the370

bow shock and/or MESSENGER’s orbital trajectory is out of the symmetry plane or-371

ganized by the upstream IMF, making an analysis of the Alfvnic effects on Mercury’s372

magnetosphere during these ICMEs more difficult. The |BIMF | estimate during the ICME373

described above is slightly higher compared to the other ICMEs, which have a mean value374

of 55 nT.375

It is important to note that the estimate for MA within the magnetic cloud of ≈ 1.5 is376

almost certainly an overestimate of the true MA value. The pressure balance technique377

described above accounts for a possible thermal pressure component within Mercury’s378

magnetosphere by considering only the top 20% of |B| measurements just inside the mag-379

netopause. This approach raises the magnetic pressure, PmagM , which may lead to an over-380

estimated MA value. Also, we assume that the thermal pressure within the solar wind381

is negligible. A non-negligible thermal pressure within the solar wind would decrease our382

estimate for PSWdyn , resulting in a lower MA value. Moreover, only the component of the383

magnetospheric magnetic field that is tangential to the magnetopause surface should con-384

tribute to PmagM . Recalculating MA using an updated PmagM value that only considers385

the tangential magnetospheric field based on the average magnetopause shape yields a386

slightly lower MA estimate of ≈ 1.3. This approach assumes that the average magne-387

topause shape is a good approximation for the measured magnetopause during the ICME388

event, which may not be appropriate given the extreme magnetospheric conditions im-389

posed by the ICME. The estimate of MA within the ICME sheath region of ≈ 0.8 also390

suggests a very low MA upstream solar wind within the magnetic cloud. It is therefore391
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possible that the plasma flow in the magnetic cloud was actually sub-Alfvnic rather than392

trans-Alfvnic. However, for consistency with MA estimate techniques for the surround-393

ing orbits, and those provided by Winslow et al. (2017), we will proceed with the most394

conservative estimate of MA ≈ 1.5 within the magnetic cloud for this analysis. While395

determining a precise MA value for this event is challenging, multiple approaches indi-396

cate that the flow within the magnetic cloud was in the sub- to trans-Alfvnic regime, with397

MA likely ≤ 1.5.398

Next, we compare other properties of Mercury’s magnetospheric environment during the399

ICME compared to the nominal conditions. The estimated P dynSW for the ICME event is400

6.8 ± 0.8 nPa which lies at the lower end of the range observed during the surrounding401

orbits (ranging from 5.5 – 14.1 nPa, Figure 2d) and best-fit curve calculated using PSP402

measurements (8.5 nPa, (Sun et al., 2022)). The mean P dynSW for all ICMEs is much larger403

at 35 nPa. Low P dynSW is due to low plasma density and/or low solar wind velocity. ICMEs404

are more often associated with large solar wind velocities, suggesting the low P dynSW es-405

timate during the ICME is due to an abnormally low solar wind plasma density, which406

is characteristic of magnetic clouds. The inbound magnetopause crossing of the orbit dur-407

ing the ICME was planetward of the nominal magnetopause curve (Figure 2a), indicat-408

ing the magnetosphere was compressed and/or eroded during the ICME. This compres-409

sion/erosion leads to higher estimates for θ during the ICME compared to the surround-410

ing orbits (Figure 2e). Typically, we would expect a compressed magnetosphere to also411

result in larger magnetic pressure at the magnetopause. Interestingly, the magnetic pres-412

sure just inside the magnetopause during the ICME event was moderate (PmagM = 5.8413

± 0.4 nPa) compared to the surrounding orbits (ranging from 4.1-9.2 nPa). Weaker mag-414

netic flux near the magnetopause during the ICME is likely caused by magnetic erosion415

due to increased reconnection rates under southward IMF conditions and the elevated416

magnetic pressure from the strong |BIMF | conditions (Heyner et al., 2016). Along the417

magnetopause during the ICME, we see rapid fluctuations of the magnetic field charac-418

teristic of many flux transfer events (FTEs) (Sun, Slavin, Smith, et al., 2020), indica-419

tive of enhanced reconnection as expected by the low MA, low β, and high magnetic shear420

conditions along the magnetopause (Li et al., 2023, 2024).421

We also note that the bow shock for the inbound portion of the orbit was expanded well422

beyond the nominal bow shock location. The fast Mach number (Mf ) is roughly equiv-423

alent to MA due to the low plasma β environment in the ICME (β < .01). So, an Mf424

value slightly greater than unity predicts a shock to form at a much greater distance up-425

stream of the planet compared to the nominal bow shock location. The outbound bow426

shock crossing, on the other hand, is aligned with the nominal bow shock curve defined427

by Winslow et al. (2013), suggesting the MA and Mf conditions increased by the time428

MESSENGER returned to the solar wind.429

3.4 Estimates for n, v, and T during the ICME430

Our estimate of MA is based on a pressure balance argument using MAG data alone.431

We know that MA ∝
√
n *vSW , but we cannot solve for n and vSW directly. To estimate432

vSW , we identify the likely launch time of the CME from coronograph observations made433

by the Solar and Heliospheric Observatory (SOHO) and Solar TErrestrial RElations Ob-434

servatory (STEREO). A list of automatically detected CME events was compiled by the435

Computer Aided CME Tracking software (CACTus) from coronograph observations of436

SOHO, STEREO A and STEREO B (Brueckner et al., 1995; Robbrecht et al., 2009).437

This procedure was first performed by Winslow et al. (2015) and was reproduced for this438

study.439

To identify the most likely candidate CME from within the CACTus database, we search440

the catalogue for CMEs that launch from the Sun sometime between 58 and 12 hours441

before the ICME detection by MESSENGER (i.e. between December 28, 06:27:22 and442
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December 30 04:27:22). This time range was based on a minimum CME speed of 300443

km/s and a maximum CME speed of 1500 km/s based on ranges measured at Earth (Cane444

& Richardson, 2003; Guo et al., 2010). During our ICME event, STEREO A was nearly445

radially aligned with Mercury (107◦ west of the Sun-Earth line), while STEREO B was446

located behind the Sun from Mercury’s perspective (110◦ east of the Sun-Earth line).447

Therefore, the CME of interest in the coronograph database must occur within the spec-448

ified time range, be identified as a forward halo CME by STEREO A, a back-sided halo449

CME by STEREO B, and a westward limb CME by SOHO. Only one CME fits these450

criteria, with the first coronograph image of a western limb CME taken by SOHO at 16:24451

on December 29. The SOHO database for this event estimates that the start of the CME452

was at 15:52 on December 29, 2011. We then calculate the time between CME onset and453

MESSENGER’s observations of the magnetic cloud, which occurred at 20:54:00 on De-454

cember 30. Assuming no acceleration or deceleration of the CME in this time, the es-455

timated velocity of the magnetic ejecta (vSW ) is 660 km/s. This value matches the es-456

timated velocity of the magnetic ejecta for this event as reported by Winslow et al. (2015).457

We note that ICMEs accelerate in the lower corona due to magnetic reconnection (Zhuang458

et al., 2022), so it is possible that our calculation vSW is a slight overestimation. Using459

our estimates of vSW and MA, we determine n = 9.7 cm−3, much smaller than the av-460

erage nsw, based on the best-fit line using PSP data of 44 cm−3 at this orbital distance461

(Sun et al., 2022). While direct measurements of the solar wind density by FIPS are not462

possible during this interval, energy spectra of the magnetosheath on both the inbound463

and outbound portions of the orbit contain few counts compared to the nominal mag-464

netosheath, suggesting a low plasma density in the solar wind (Figure 1e). The temper-465

ature of the ICME, T , was based on the average temperature of the solar wind at Mer-466

cury.467

3.5 Super-Alfvnic versus Sub-Alfvnic Regimes468

In the previous section, we established that Mercury was in a very low MA regime dur-469

ing the ICME. Here, we discuss how these extreme conditions would alter Mercury’s mag-470

netosphere compared to the nominal case. MHD theory makes various predictions re-471

garding the differences between the magnetospheric response to purely super-Alfvnic and472

purely sub-Alfvnic upstream conditions, from both the perspective of the Jovian moons473

interaction with Jupiter’s magnetosphere (Neubauer, 1980, 1998; Kivelson et al., 2004)474

and the terrestrial magnetosphere under extreme solar wind conditions (Ridley, 2007;475

Chané et al., 2012). Some key differences are highlighted in the schematics shown in Fig-476

ure 3. We compare these two scenarios under the same southward upstream IMF ori-477

entation to focus on the differences in magnetospheric characteristics that result from478

the two MA conditions rather than changes in IMF orientation. In the super-Alfvnic,479

super-fast case, a bow shock forms upstream of the planet, creating a magnetosheath char-480

acterized by higher plasma densities compared to the upstream solar wind. No bow shock481

is present in the sub-Alfvnic case, and the unshocked solar wind interacts directly with482

Mercury’s magnetosphere. In both cases, magnetic reconnection on the dayside magne-483

topause generates open magnetic field lines connected to the northern and southern mag-484

netic pole. These open field lines then propagate tailward and form either the magne-485

totail lobe (super-Alfvnic) or Alfvn wings (sub-Alfvnic). The open magnetic field lines486

in the lobe of the super-Alfvnic regime quickly propagate to the magnetotail due to the487

high vSW compared to vA, forming the windsock-shaped magnetopause on the nightside488

and magnetotail lobes. In the sub-Alfvnic regime, Alfvn waves form where the flow slows489

due to the planetary obstacle. These waves propagate bidirectionally along magnetic field490

lines in the plasma rest frame while being convected by the flow, creating Alfvn wings491

at an angle ΘA to the upstream IMF. The wing’s field lines are elevated at a steeper an-492

gle to the solar wind flow than in the super-Alfvnic regime.493

It is important to recognize that even under sub-Alfvnic conditions, we would not ex-494

pect Mercury’s magnetosphere to resemble the purely Alfvnic interaction that we would495
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Figure 3. Schematics of Mercury’s magnetosphere under purely super-Alfvnic, super-fast

(left) and purely sub-Alfvnic, sub-fast (right) conditions. Black dots represent the density of pro-

tons. Orange dashed line represent the bow shock. Gray arrows represent the IMF, while black

arrows represent the planetary magnetic fields (i.e., magnetic field lines with at least one end

connected to Mercury). MESSENGER’s orbit during the ICME is shown in red for reference.

expect at many of the outer planet moons such as Europa and Io (Neubauer, 1980, 1998;496

Saur et al., 1999). This is because Mercury’s intrinsic magnetic field plays a major role497

in governing the interaction in both the super- and sub-Alfvnic regimes. Therefore, Mer-498

cury’s magnetosphere under sub-Alfvnic conditions is most likely to resemble that of Ganymede,499

in which Alfvn wings are comprised of open field lines formed via magnetic reconnec-500

tion between the IMF (Jovian planetary fields in the case of Ganymede) and the intrin-501

sic magnetic field of the object (Kivelson et al., 2004; Saur, 2021; Jia & Kivelson, 2021).502

Mercury and Ganymede have similar sizes (RM = 2440 km, RG = 2634 km) and pos-503

sess intrinsic magnetic field strengths within the same order of magnitude, with an equa-504

torial field strength of 200 and 750 nT, respectively. The magnetic dipole field of Ganymede505

also closes northward and is consistently antiparallel to the Jovian magnetic field that506

closes southward. Interestingly, in our case study, MESSENGER sampled Mercury’s mag-507

netosphere under strong southward IMF conditions, suggesting that the relative orien-508

tation of the object’s dipole field and the upstream magnetic field are similar between509

Mercury during the ICME and Ganymede; both are highly susceptible to undergo mag-510

netic reconnection. Furthermore, the nominal external magnetic field strength upstream511

of Ganymede is ≈ 64 nT, almost exactly equal to our estimate during the ICME of 63512

nT. However, a couple of key differences between these two regimes are important to keep513

in mind. First, the nominal upstream MA for Ganymede is 0.74 (Saur, 2021), while MA514

during the ICME at Mercury may be more in the trans-Alfvnic regime. This is because515

nominal plasma density upstream of Ganymede is typically ≈ 5 cm−3, moving at a ve-516

locity of ≈ 140 km/s, which is smaller than our predictions for these values during the517
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ICME. Second, Ganymede possesses an ionosphere, which can carry currents produced518

in the Alfvnic interactions through Pedersen and Hall conductances (Jia et al., 2009).519

While Mercury has a non-negligible conductance largely due to the iron core (Slavin et520

al., 1997; Anderson et al., 2014), the lack of a significant current carrying ionosphere will521

likely affect the sub-Alfvnic interaction in comparison to Ganymede. Despite these dis-522

tinctions, the similarities between these two regimes allow us to use previous observa-523

tions and modeling efforts of the nominal conditions at Ganymede as a useful reference524

point to enhance our understanding of Mercury during this extreme event.525

The upstream MA will also influence the plasma populations of the magnetotail lobe/Alfvn526

wing region of the magnetosphere. For both the super/sub-Alfvnic cases, plasma orig-527

inating in the solar wind enters either the lobe/Alfvn wing due to magnetic reconnec-528

tion on the dayside generating the open magnetic field lines and mixing the previously529

separated plasma populations of the magnetosheath/solar wind and the magnetosphere.530

In the super-Alfvnic case, propagation of the open field lines into the magnetotail can531

form a boundary layer of the magnetosheath plasma known as the plasma mantle (DiBraccio532

et al., 2015; Jasinski et al., 2017). The net flow of the plasma around the planet is sum533

of the antisunward flow of the solar wind and the E×B flow that is perpendicular to534

the magnetic field, which results in a net motion of particles towards the magnetotail535

plasma sheet. The downtail distance in which the particles reach the plasma sheet is pro-536

portional to their initial antisunward velocity. This causes the thickness of the plasma537

mantle to expand with increasing downtail distance, generating a fan shape (Siscoe &538

Sanchez, 1987). The plasma density at the outer edge of the plasma mantle is approx-539

imately equal to the magnetosheath plasma density. The region that separates the plasma540

sheet from the plasma mantle is the magnetotail lobe, which is characterized by very low541

plasma density compared to the plasma sheet and magnetosheath (Fairfield & Jones, 1996;542

Bowers et al., 2024).543

In the sub-Alfvnic case, unshocked solar wind plasma is injected into the Alfvn wings544

via dayside magnetic reconnection. The Alfvn waves generated at Mercury approximates545

standing wave obstacles to the solar wind flow. Global simulations of Ganymede’s mag-546

netosphere indicate that plasma flow speed within Ganymede’s Alfvn wings decreases547

compared to the upstream Jovian plasma environment(Jia et al., 2009). This reduction548

in flow speed results in increased plasma density within the Alfvn wings compared to549

the surrounding Jovian plasma, due to the conservation of momentum (Fatemi et al.,550

2016, 2022; Duling et al., 2022). In these simulations, plasma density gradually decreases551

downtail as the plasma moves into the thin central plasma sheet, creating a plasma den-552

sity gradient perpendicular to the Alfvn wing. This gradient is highest on the upstream553

side, near the boundary with the Jovian plasma. However, due to the lack of in situ ob-554

servations of Ganymede’s Alfvn wings near the moon’s surface, these model predictions555

have yet to be validated by spacecraft measurements, making the details of their pre-556

dictions within this regime uncertain. Nevertheless, the increased rate of dayside recon-557

nection and the slower solar wind propagation speed at Mercury under sub-Alfvnic con-558

ditions should lead to a denser Alfvn wing structure compared to the low-density mag-559

netotail lobe observed in the super-Alfvnic regime, even though the exact plasma dis-560

tribution within Alfvn wings remains unknown.561

3.6 MHD Model Results562

The schematics shown in Figure 3 highlight idealized, purely super-Alfvnic and purely563

sub-Alvnic solar wind scenarios. Next, we explore the influence of trans-Alfvnic solar wind564

via a comparison between MESSENGER observations and a 3D Block Adaptive Tree565

Solar wind Roe-type Upwind Scheme [BATSRUS, (Powell et al., 1999)] magnetohydro-566

dynamic (MHD) model of Mercury’s magnetosphere.567
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Previous studies have demonstrated that departures from the purely super-Alfvnic mag-568

netospheric interaction become evident even for MA values greater than 1. Ridley (2007)569

presented results from BATSRUS simulations to demonstrate how the terrestrial mag-570

netosphere transitions from a purely super-Alfvnic interaction (MA ≥ 8) to a sub-Alfvnic571

interaction (MA ≤ 1). As MA decreases, the magnetotail shortens, and the northern and572

southern magnetotail lobes begin to separate. These separated lobes are Alfvn wings,573

comprised of open magnetic field lines that protrude at a much higher inclination an-574

gle to the solar wind flow compared to the super-Alfvnic case. Additionally, the bow shock575

moves further upstream from the planet with decreasing Mach numbers, eventually dis-576

appearing within the simulation when Mf reaches below 1. Mf ≤ MA, so the disappear-577

ance of the bow shock can occur when MA > 1. This distinction is obvious for the purely578

sub-Alfvnic case presented in Ridley (2007), but some differences in magnetospheric con-579

figuration begin to emerge at MA values of ∼ 2.7 and are clearly present in the trans-580

Alfvnic solar wind case with an MA value of 1.6.581

To investigate the impact of a trans-Alfvnic ICME on Mercury’s magnetosphere, we run582

a 3D BATSRUS simulation of Mercury’s plasma environment given the upstream con-583

ditions as observed by MESSENGER. The BATSRUS code is a component of the Space584

Weather Modeling Framework, which was designed to provide a flexible, comprehensive,585

physics-based approach to modeling solar system objects’ magnetospheric response to586

variable surrounding plasma environments (Tóth et al., 2012; Gombosi et al., 2021). We587

utilize the same BATSRUS model as applied to Mercury’s magnetospheric environment588

described in Jia et al. (2015, 2019). This code solves the governing equations of MHD589

(conservation of mass, momentum, and energy along with Faraday’s law) within the so-590

lar wind and Mercury’s plasma environment. The model takes into account Mercury’s591

conducting iron core, treating it as a spherically symmetric object with very high con-592

ductivity (105 S/m) within the iron core (r < 0.8 RM ) and very low (10−7 S/m) con-593

ductivity within the regolith (0.8 RM ≤ r ≤ 1 RM ). This conductivity profile couples594

to the space environment by controlling the way in which magnetic field lines diffuse due595

to its direct influence in the solution to the generalized Ohm’s law and magnetic induc-596

tion equation in the resistive MHD equations.597

Table 1 shows the upstream conditions used as the input to the BATSRUS simulation

BATSRUS Input for ICME

Input Variable

BXIMF 19 nT
BYIMF 0 nT
BZIMF -60 nT
n 9.7 cm−3

vSW 660 km/s
T 8.7 × 104 K
MA* 1.5
β* 0.006

Table 1. Inputs to BATSRUS model for the upstream conditions at Mercury during the ICME

impact. BX
IMF , BY

IMF , and BZ
IMF are the 30-minute average of the magnetic field just upstream

of the inbound bow shock crossing. n is the estimate for the upstream density. vSW is the esti-

mate for the velocity of the ICME. T is the estimated temperature of the ICME. MA* and β*

are dimensionless variables calculated from the other input parameters and is not a standalone

input into the model.

–15–



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Journal of Geophysical Research: Space Physics

598

for the ICME event described above. BXIMF , BYIMF , and BZIMF are determined by av-599

eraging the magnitude of each component of the IMF 30 minutes upstream of the inbound600

bow shock crossing (21:55:08 – 22:25:08), just as |BIMF | was estimated in the previous601

section.602

The results of the BATSRUS simulation for this ICME impact highlight a number of fas-603

cinating phenomena induced by these extreme solar wind conditions (Figure 4). The mag-

Figure 4. Results from the BATSRUS simulation of Mercury’s magnetosphere given the up-

stream conditions detailed in Table 1. The plots are displayed in the aberrated MSO coordinate

system (MSO′). The panels are colored by BX [nT] (a), BY [nT] (b), BZ [nT] (c), |B| [nT] (d),

plasma density, n [cm−3] (e) and speed |u| [km/s] (f), uX [km/s] (g), uY [km/s] (h), uZ [km/s].

The thin black lines represent traces of the magnetic field lines. The thick black lines represent

MESSENGER’s orbit during the ICME. The thick gray lines represent the predicted orientation

of the Alfvn wings based on the upstream MA and BIMF values.

604

netic field lines in the magnetotail are primarily open due to the enhanced magnetic re-605

connection at the dayside magnetopause with this strongly southward field. Proton ac-606

celeration away from magnetopause X-line is prevalent in the simulation due to this en-607

hanced magnetic reconnection, in agreement with studies at Ganymede (Jia et al., 2010;608

Collinson et al., 2018; Zhou et al., 2020; Ebert et al., 2022; Gershman et al., 2024). These609

field lines are stretched behind the planet but are at a high inclination angle compared610

to the direction of the solar wind flow (-XMSO′). Furthermore, the plasma density within611

the magnetotail seems to gradually increase from the central plasma sheet to the mag-612

netosheath, suggesting the lack of a clear magnetotail lobe that is nearly void of plasma613
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in comparison to the plasma sheet and plasma mantle/magnetosheath. However, some614

key characteristics of super-Alfvnic, super-fast magnetospheric interactions are also present615

in the simulation, including the bow shock that slows the incoming solar wind plasma,616

illustrated by the region of low plasma velocity upstream of Mercury (Figure 4f). This617

suggests that this trans-Alfvnic ICME event acts as a hybrid between the purely super-618

Alfvnic and sub-Alfvnic magnetospheric interactions, displaying some characteristics of619

both interaction types.620

In the sub-Alfvnic regime, the value of MA is a characteristic feature of the geometry621

of the Alfvn wings. As the IMF encounters Mercury’s dayside magnetopause, Alfvn waves622

launched from the subsolar point propagate along the bent magnetic field lines at vA.623

Simultaneously, the solar wind plasma attached to the IMF above and below Mercury624

continue to propagate away from the Sun at vSW . In the frame of the upstream mag-625

netic field, the Alfvn wave therefore travels at an angle626

ΘA = tan−1
(
vSW
vA

)
= tan−1 (MA) (6)

For an MA value of 1.5, the angle of the Alfvn wing with respect to the upstream IMF627

is ΘA = 56◦. The geometry of these Alfvn wings are shown as thick gray lines in Fig-628

ure 4. The lines pass through the subsolar point on the dayside (XMSO′ ≈ 1.35 RM ) and629

the downstream end of the plasma sheet on the nightside (XMSO′ ≈ −4.6 RM ) to roughly630

bound the open field lines that comprise the wings. As MA increases, these wings be-631

come more and more parallel with the solar wind flow. In a purely super-Alfvnic regime,632

these wings overlap and form the magnetotail lobes and the windsock-shape magnetopause.633

For MA = 1, ΘA = 45◦.634

In the MSM ′ frame, the orientation of the wings are defined by the Elsässer variables635

(Elsässer, 1950), also known as Alfvn characteristics:636

c±A = vSW ± vA (7)

in which the northern and southern wings are defined by the negative and positive char-637

acteristics, respectively. We note that the upstream IMF is not perfectly perpendicular638

to vSW , so there is a slight asymmetry in the northern and southern Alfvn wings in the639

MSM ′ frame. As a result, the southern wing is more aligned along the ZMSM ′ axis com-640

pared to the northern wing. For the upstream conditions listed in Table 1, in the MSM ′641

coordinates, c−A = [-0.88, 0, 0.47] represents the northern Alfvn wing and c+A = [-0.78,642

0, -0.622] represents the southern wing.643

3.7 The ICME, Surrounding Orbits, and BATSRUS Results644

The orbital trace of the magnetic field and proton density through the BATSRUS sim-645

ulation is shown as the magenta line in Figure 5. The model results are shown along-646

side the MESSENGER observations during the ICME in orange, as well as the obser-647

vations from the 5 orbits before and after the orbit in which the ICME was observed in648

gray, as in Figure 2. To plot these data on the same horizontal axis, we determine the649

time between a measurement and the most recent apoapsis of the spacecraft. This al-650

lows us to compare time series measurements among neighboring orbits that sample very651

similar spatial regimes but are separated in time. The black lines in Figure 5 represent652

the average value of each measurement across all 10 of the surrounding orbits around653

the orbit in which the ICME was observed. As discussed in Section 3.3, the surround-654

ing orbits occur under more nominal upstream conditions and the magnetic field and plasma655

measurements along these orbits provide a useful reference to compare to those under656

the extreme case of the ICME.657

Figure 5 further demonstrates that MESSENGER magnetic field signatures during the658

ICME impact are extreme and distinct from the surrounding orbits upstream of the bow659
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Figure 5. MESSENGER MAG data at 1 s resolution in the MSM ′ coordinate frame. Panels

a-c display the XMSM′ , YMSM′ , ZMSM′ coordinates of the magnetic field in nT. Panel d shows

the magnitude of the magnetic field, |B| in nT. MAG data during the ICME impact on Mercury

are shown in dark blue, and MAG data from the 5 orbits before and 5 orbits after the CME im-

pact are shown in gray. The average of all the surrounding orbits at each time step is shown in

black. The total time range for all 11 orbits is 2011-12-28 06:21:38 – 2012-01-02 16:00:51. The

ICME impact was from 2011-12-30 16:27:22 – 2011-12-31 09:19:52. Panel e shows the estimated

number density predicted by FIPS measurements. The red triangles represent periods with a

poor quality fit. The bottom horizontal axis is the minutes from the orbit’s apoapsis, and the

top horizontal axis shows the date and time for the orbit during the ICME. Panels f-h show

MESSENGER’s orbital trajectory plotted during the time series above in the XZ/XY /Y ZMSM′

planes. The orbit during the ICME impact is colored by the minutes from the apoapsis. The

outer and inner dashed black lines represent the nominal bowshock and magnetopause distances

determined by Shue et al. (1997) and Winslow et al. (2013).

shock (∼ 0-300 min and 500-700 min), within the magnetosheath (∼ 300-340 min and660

425-500 min), and within the magnetotail (∼ 375-425 min). Notably, |B| is higher dur-661

ing the ICME impact than the surrounding orbits, particularly upstream of the bow shock.662
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There is no significant difference between the magnetic field during the ICME and the663

surrounding orbits near MESSENGER’s periapsis (∼ 340-375 min), suggesting Mercury’s664

very inner magnetosphere is not significantly disturbed during this ICME event. We also665

see a general agreement between the BATSRUS MHD model predictions and the mea-666

surements during the ICME orbit throughout the traversal of the magnetosphere. How-667

ever, during the ICME orbit at 00:16 (420 minutes after apoapsis), we see a clear jump668

in BYMSM ′ from 16 – 70 nT. This jump was not predicted by the BATSRUS simula-669

tion, suggesting that the upstream IMF conditions during the ICME may have shifted670

significantly from the conditions measured along the inbound portion of MESSENGER’s671

orbit and used as the input to the model. The general close agreement between the MHD672

model and observations through the magnetospheric traversal suggests that the upstream673

IMF conditions remained steady and similar to the input of the model for a majority of674

MESSENGER’s magnetospheric traversal. This point of disagreement between model675

and MESSENGER observations in BYMSM ′ marks the end in which we can be confi-676

dent that the upstream conditions input in the model are representative of the actual677

upstream conditions at Mercury. We will compare the BATSRUS model predictions, mea-678

surements during the ICME, and measurements during the surrounding orbits in the fol-679

lowing two sections. Section 3.8 will focus on the MESSENGER’s dayside approach into680

the magnetosphere, and Section 3.9 will focus on the traversal of Mercury’s magneto-681

tail on the nightside of the planet.682

3.8 ICME impact on Mercury’s Dayside Plasma Environment683

We focus our analysis of the ICME’s impact on Mercury’s plasma environment for the684

inbound portion on the dayside of the planet alongside some predictions for the ideal-685

ized super-Alfvnic and sub-Alfvnic regimes (Figure 6). In the purely super-Alfvnic sce-686

nario, we would expect a bow shock to form upstream of the planet. Downstream of the687

bow shock, the spacecraft samples the plasma depletion layer near the subsolar point (Gershman688

et al., 2013). The dynamics within this region lead to an enhanced |B| and depleted n689

near the subsolar point as magnetic flux piles-up and magnetosheath plasma is diverted690

around the obstacle. However, in the purely sub-Alfvnic regime, we do not expect a bow691

shock, magnetosheath, or a thick plasma depletion layer (Figure 6g). Instead the solar692

wind plasma density remains steady as the spacecraft approaches the magnetosphere,693

only experiencing a small enhancement in density and magnetic field strength very close694

to the magnetopause (Figure 6h) as has been predicted at Ganymede (Fatemi et al., 2022).695

The solar wind conditions during the trans-Alfvnic ICME do produce a bow shock in696

the BATSRUS simulation and was observed by MESSENGER. This bow shock is ex-697

panded well beyond the nominal bow shock (Figure 2), resulting in an earlier inbound698

bow shock crossing compared to the surrounding orbits. Interestingly, the BATSRUS699

simulation predicts a bow shock that is even further expanded away from Mercury than700

that measured by MESSENGER. Our estimate for the upstream MA is based on mea-701

surements made just inside the magnetopause, which is approximately 30 minutes af-702

ter MESSENGER crossed the bow shock. It is therefore possible that during the ICME,703

MA was decreasing in time and MESSENGER’s crossing of the bow shock occurred as704

the bow shock expanded away from Mercury in response to the changing solar wind con-705

ditions. The BATSRUS simulation therefore predicts the final location of the bow shock706

after this retreat, while MESSENGER traversed the bow shock in the process of its re-707

treat away from Mercury. The single crossing of the bow shock by MESSENGER dur-708

ing the ICME further supports this notion because multiple bow shock crossings are in-709

dicative of a variable bow shock moving inward and outward with a changing MA around710

a mean value, whereas a single crossing suggests a bow shock that is either expanding711

or steady. Indeed, BATSRUS predictions of |B| in the magnetosheath agree with MES-712

SENGER observations downstream of the measured shock, suggesting that BATSRUS713

correctly predicts the strength of the bow shock during the ICME. |B| increased by a714

factor of 2 across the bow shock both in the BATSRUS model and during the ICME,715
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which is lower than the average for bow shock crossings, which typically increases |B|716

by a factor of 3 – 4. Each of the surrounding orbits crosses the bow shock at slightly dif-717

ferent times, resulting in a smoothing-out of the bow shock crossing when averaging the718

orbits together (black curve). Downstream of the shock, |Bmodel| and |BICME | remain719

steady as MESSENGER approaches the magnetopause, whereas |B| steadily increases720

for the surrounding orbits as expected for measurements within the super-Alfvnic regime.721

Interpreting the FIPS estimates for plasma density, n, shown in Figure 6e requires a brief722

discussion of the limitations of FIPS and the techniques for estimating n. Proton den-723

sity is estimated by taking the zeroth order moment of best-fit full Maxwellian velocity724

distribution that is the best-fit distribution to the observed proton flux, (Raines et al.,725

2011; Gershman et al., 2013; James et al., 2020). However, as discussed in Section 2.1,726

FIPS field of view was obstructed throughout MESSENGER’s orbital lifetime resulting727

in only partial velocity distributions being available for fitting. This technique of fitting728

partial distributions has been shown to be accurate when assuming a subsonic, isotropic729

plasma. These assumptions are typically valid near the subsolar magnetopause due to730

the stagnation of the magnetosheath plasma as is typical of the super-Alfvnic regime (Gershman731

et al., 2013; Raines et al., 2014; James et al., 2020), providing accurate estimates of den-732

sity within this region.733

During the orbits surrounding the ICME displayed in Figure 6, MESSENGER sampled734

the low-latitude magnetosheath, and FIPS provided measurements that estimated a mag-735

netosheath density of ∼ 60 cm−3 on average. However, during the ICME, FIPS measured736

considerably fewer counts within this region compared to the surrounding orbits, both737

within the inbound and outbound magnetosheath (see Figure 1). This results in an ex-738

tremely low density estimate of ∼ 1 cm−3 with a poor quality flag that is given to data739

that have a poor fit to the estimated full distribution, shown as red triangles in Figure740

6e. We note that the κ distribution fits of the plasma performed by James et al. (2020)741

output 2 high-quality fits within the magnetosheath region during the ICME with den-742

sity estimates of approximately 5 cm−3, in rough agreement with the poor quality Maxwellian743

fits shown in Figure 6e. The poor quality n estimates are the result of very low counts744

measured by FIPS within this region during the ICME (Figure 1e). So, while the exact745

value of n in this region during the ICME is likely inaccurate due to poor statistics, the746

extreme lack of plasma counts during the ICME compared to the surrounding orbits within747

this region suggests that the plasma density was much lower than average. The BAT-748

SRUS model also predicted lower plasma density measurements within the magnetosheath749

than the nominal case.750

The directional motion of the plasma measured by FIPS within this region also high-751

lights some interesting effects of the ICME. We integrate all directional proton flux mea-752

sured by FIPS during the ICME from 310-335 minutes after apoapsis and plot the flux753

in 10 degree bins on a flux map (Figure 7a). For the orbits surrounding the ICME event,754

we average all flux maps generated for each of the 10 surrounding orbits to produce an755

average flux map from within this time range along all surrounding orbital trajectories756

(Figure 7b). The lack of counts during the ICME compared to the surrounding orbits757

is clear when comparing these two flux maps, further demonstrating the abnormally low758

plasma density within the magnetosheath during the ICME. In addition, the proton flux759

during the ICME seems to be concentrated closer to the antisunward direction, charac-760

teristic of unshocked solar wind flow. For the surrounding orbits, the plasma within this761

region is much more isotropic, only a slight enhancement of flux in the +ZMSM ′/+YMSM ′762

direction likely due to the magnetosheath plasma motion around the magnetopause.763

3.9 ICME Impact on the Nightside Plasma Sheet764

In both the super- and sub-Alfvnic scenarios, we expect the spacecraft to first pass through765

the nightside plasma sheet characterized by a dip in |B| and increase in plasma density.766
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Figure 7. Flux maps of protons measured by FIPS integrated from 310 minutes to 335 min-

utes after apoapsis for the MESSENGER measurements during the ICME event (a) and averaged

for the surrounding events (b). These flux maps are separated into 10 degree bins, with 36 bins

in the azimuthal direction and 18 bins in the polar direction. Each bin is colored by the mea-

sured H+ flux in units of m−2 s−1. Gray bins are within FIPS field of view but with no observed

counts. White bins are outside of FIPS field of view.

The nightside plasma sheet within the super-Alfvnic solar wind is populated with high767

β, isotropic plasma centered in between the two magnetotail lobes. This region is iden-768

tifiable by the transition from positive to negative BXMSM ′ as the spacecraft moves from769

the northern to southern lobe (Figure 5a). These oppositely oriented lobe fields gener-770

ate a current sheet at the center known as the magnetotail current sheet. The transi-771

tion from +BXMSM ′ to −BXMSM ′ during the orbits surrounding the ICME is grad-772

ual compared to those during the ICME (Figure 8a). The +BXMSM ′ to −BXMSM ′ pre-773

dicted by the BATSRUS model is notably sharper than the surrounding orbits, but not774

quite as sharp as the orbit during the ICME. We estimate the thickness of the current775

sheet using the Harris current sheet model (Harris, 1962) as has been used in previous776

studies of Mercury’s magnetotail (Poh et al., 2017; Rong et al., 2018). This model de-777

scribes an equilibrium solution to the Maxwell-Vlasov equations describing the behav-778

ior of BXMSM ′ with a symmetric magnetotail in the ZMSM ′ direction:779

BXMSM ′ = B0 tanh

(
ZMSM ′ − Z0

L

)
(8)

Here, B0 is the asymptotic lobe field, Z0 is the position of the current sheet center along780

the ZMSM ′ axis, and L is the half-thickness of the current sheet. We solve for B0 and781

L as free parameters via a least squares fitting procedure of the Harris model to the MES-782

SENGER measurements. Z0 was determined by finding the nearest point along ZMSM ′783

to transition point of BXMSM ′ from positive values to negative values.784

Using the Harris model, Rong et al. (2018) statistically analyzed the half-thickness of785

current sheets measured within different regions of Mercury’s magnetotail to investigate786

how the current sheet morphology changes in space (see Table 2 in their manuscript).787

The current sheets we have analyzed in this study all fall within a single region defined788

in Rong et al. (2018). The average L value for current sheets within this region was 0.46789

± 0.11 RM , which is in good agreement with the average value of L for the orbits sur-790

rounding the ICME (LSO = 0.39 ± 0.1 RM ). However, the average L value reported by791

Rong et al. (2018) is nearly four times thicker than that measured during the ICME (LICME792

= 0.12 RM ). The plasma sheet during the ICME is thinner than predicted by the BAT-793

SRUS model for this event by about 0.05 RM . The plasma sheet is thinnest near the re-794

connection X-line, where pairs of open magnetic field lines in the tail reconnect and re-795
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Figure 8. Comparison of the structure of the plasma sheet between the orbit during the

ICME (orange), the surrounding orbits (gray, average in black), and the prediction made by the

BATSRUS MHD model (purple). Panel (a) shows the BXMSM′ component of the magnetic

field as a function of spacecraft position on the ZMSM′ axis. Panel (b) shows the estimated half-

thickness of the current sheet, L, based on the Harris fitting technique as a function of position of

the center of the current sheet along the ZMSM′ axis (Harris, 1962).

store closed magnetic flux to the nightside of the planet. The BATSRUS simulation pre-796

dicts that MESSENGER passed planetward of the tail reconnection X-line (Figure 4g).797

MHD simulations of the terrestrial magnetosphere show that the nightside X-line in the798

plasma sheet moves planetward with decreasing MA, further suggesting that the MA in-799

put into BATSRUS is an overestimate. Lower MA values may move the X-line planet-800

ward, resulting in a thinner estimate for the plasma sheet than predicted under MA =801

1.5 conditions.802

Simulations of Ganymede’s magnetosphere have suggested that the moon’s plasma sheet803

is also quite thin and the reconnection point is close to the moon (Jia et al., 2008; Fatemi804

et al., 2016; Stahl et al., 2023). This thin plasma sheet supports high rates of nightside805

magnetic reconnection at Ganymede, consistently supplying the dayside with magnetic806

flux that is subsequently transferred again to the nightside via dayside magnetic recon-807

nection. The thin plasma sheet measured during the ICME further highlights the sim-808

ilarities between the nominal conditions at Ganymede and the extreme conditions at Mer-809

cury during ICMEs, and likely provide insights into the role of magnetic reconnection810

at both of these objects during these low MA conditions.811
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3.10 ICME Impact on Mercury’s Nightside Magnetosphere812

We turn our attention to MESSENGER’s traversal of Mercury’s magnetotail and out-813

bound trajectory out of the magnetosphere (Figure 9). After traversing the plasma sheet,814

the spacecraft would then enter into either a magnetotail lobe in the super-Alfvnic sce-815

nario or the Alfvn wing in the sub-Alfvnic scenario. Within the magnetotail lobe, |B|816

decreases with radial distance from the planet (Bowers et al., 2024), as shown in Fig-817

ure 9g). According to theory, |B| within the Alfvn wing should remain more steady than818

in the lobe, particularly in the far-field region away from the planet (Neubauer, 1980;819

Chané et al., 2012), as show in Figure 9h. For the surrounding orbits, the average |B|820

value at the inner edge (closer to the plasma sheet) of this region (≈ 380 minutes from821

apoapsis) is 65 nT, while that towards the outer edge (closer to the magnetosheath and822

≈ 410 minutes from apoapsis) is 45 nT. Within this region during the ICME, |B| remained823

steady at ≈ 75 nT. The BATSRUS simulation predicted a slight drop in |B| through-824

out this region, dropping from 67 nT to 60 nT.825

The super-Alfvnic and sub-Alfvnic scenarios would also produce different orien-826

tations of the magnetic field within this region. The super-Alfvnic scenario would827

produce field lines that are more aligned with the −XMSM ′ direction, whereas the828

field lines within an Alfvn wing would be inclined more towards the −ZMSM ′ orien-829

tation. The average BZMSM ′ direction throughout this region for the surrounding830

orbits gradually shifts from slightly positive to slightly negative, while the BXMSM ′831

curve remains highly negative, as expected for the super-Alfvnic case. BZMSM ′ for832

both the BATSRUS model and MESSENGER observations during the ICME are833

much more negative throughout this region, distinct from the surrounding orbits,834

while BXMSM ′ is similar to the surrounding orbits. We define the magnetic field835

inclination angle, Ψ=tan−1(|BZ |/|BX |), which characterizes the magnetic field ori-836

entation within in the XZMSM ′ plane, with 90◦ representing a field line along the837

ZMSM ′ axis. For the surrounding orbits, Ψ is ≤ 10◦ within the lobes (minutes 380-838

410), indicative of a windsock shaped magnetosphere. During the ICME and within839

the BATSRUS simulation, Ψ within this region reaches 40◦, indicative of a highly840

inclined nightside magnetic field, as predicted by the sub-Alfvnic scenario.841

The magnetospheric lobe region under super-Alfvnic conditions is also characterized842

by a decrease in plasma density (n) compared to the plasma sheet and magne-843

tosheath (Figure 9g). For the pure lobe configuration in the absence of a plasma844

mantle, n would remain low until MESSENGER encountered the magnetosheath845

where the density would increase sharply as the spacecraft traversed the magne-846

topause. If the spacecraft encountered the plasma mantle, we would expect a more847

gradual increase in n to begin towards the outer edge of this region until the space-848

craft reached the magnetosheath where n would plateau. In the sub-Alfvnic sce-849

nario, slow-moving plasma contained within the Alfvn wings populates this region,850

and n would be enhanced throughout the structure (Figure 9h). Simulations within851

the magnetosphere of Ganymede predict that n would gradually enhance as the852

spacecraft moves from the plasma sheet towards the upstream edge of the wing, even853

exceeding the plasma density in the upstream solar wind (Fatemi et al., 2016, 2022;854

Duling et al., 2022), but these predictions have yet to be validated by spacecraft855

observations.856

The average n behavior for the surrounding orbits within this region matches the857

super-Alfvnic scenario, exhibiting a clear drop in n compared to the plasma sheet858

that remained steady and low throughout the traversal. This behavior varies from859

orbit to orbit, with some of the surrounding orbits showing an increase in plasma860

density near the outer edge of the lobe before the magnetopause, indicative of the861

plasma mantle. Both the BATSRUS model and ICME event show a gradual increase862

in n from the plasma sheet to the outer edge of this region (Figure 9e), more in-863

line with the purely sub-Alfvnic scenario predicted from simulations at Ganymede.864
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During the ICME at 00:16, we see a clear shift in the magnetic field orientation865

marked by a jump in BYMSM ′ . This shift marks the magnetopause and the entry866

into the magnetosheath. We note that FIPS was not able to obtain estimates for867

n outside of the magnetopause due to the highly anisotropic flows surrounding the868

nightside magnetosheath, so it is difficult to know if nICME at ≈ 410 – 420 min-869

utes after apoapsis exceeds the density upstream as predicted by the sub-Alfvnic870

scenario. Interestingly, |BICME | upstream of the magnetopause (425-430 minutes871

after apoapsis) exceeds |BICME | downstream, which is quite abnormal and not the872

case for any of the other surrounding orbits. Typically, along the nightside magne-

Figure 10. Flux maps of protons measured by FIPS integrated from 385 minutes to 410 min-

utes after apoapsis for the MESSENGER measurements during the ICME event (a) and averaged

for the surrounding events (b). The units are in H+ flux, or m−2 s−1. These flux maps are sepa-

rated into 10 degree bins. Gray bins are within FIPS field of view but with no observed plasma.

White bins are outside of FIPS field of view.

873

topause, high magnetic pressure within the lobes is balanced by the sum of moderate874

thermal and magnetic pressures within the magnetosheath. In the case of the ICME,875

this scenario is flipped, in which magnetic pressure upstream is balanced by the sum876

of magnetic and thermal pressure downstream. This suggests that plasma density877

downstream of the boundary indeed may exceed that upstream of the boundary as878

predicted within the Alfvn wings of Ganymede (Fatemi et al., 2022).879

The FIPS proton flux maps integrated from 385 – 410 minutes after apoapsis further880

demonstrate the differences in plasma environment between trans-Alfvnic and super-881

Alfvnic conditions (Figure 10). Proton flux during the ICME within this region is882

larger than the average for the surrounding orbits. The direction of flux during the883

ICME is predominantly field-aligned, clustering near the -XMSM ′ and slightly to-884

wards the +ZMSM ′ direction. The average flux map for the surrounding orbits is885

oriented in a similar direction, but the fluxes are around 1 order of magnitude less886

than those of the orbit during the ICME. The preferred direction of these flows is887

expected because plasma velocity in this regime is a superposition of antisunward888

flow of the solar wind and the E×B drift that points northward within this region.889

4 Discussion and Conclusions890

4.1 Evidence for Low MA Impact and Alfvn Wing Traversal891

By comparing measurements during an ICME event to both a 3D BATSRUS sim-892

ulation and MESSENGER measurements of the surrounding 10 orbits, we identify893
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some key differences between Mercury’s magnetospheric response to the nominal894

solar wind conditions and this extreme solar wind event:895

1. The planetary bow shock is weaker and much further away from Mercury896

during the ICME compared to the nominal planetary bow shock.897

2. Within the magnetosheath, |B| remains constant as MESSENGER approaches898

Mercury’s magnetosphere during the ICME. Nominally, |B| steadily increases899

as the spacecraft approaches the nose of the magnetopause.900

3. The density of the plasma within the magnetosheath is much lower during the901

ICME compared to the nominal magnetosheath plasma.902

4. The plasma sheet is about a factor of 4 times thinner during the ICME than903

during nominal solar wind conditions.904

5. Along the nightside traversal of Mercury, |B| remained steady as MESSEN-905

GER moves away from the planet during the ICME. Nominally, |B| within906

the magnetotail lobes decreases with radial distance from Mercury.907

6. The nightside magnetic field was more inclined to the solar wind flow direc-908

tion during the ICME compared to the nominal conditions by nearly 40◦.909

7. The plasma density is higher throughout the nightside magnetospheric traver-910

sal during the ICME compared to the nominal conditions.911

Using arguments based on MHD theory, MHD and hybrid model results from the912

Ganymede environment, and the 3D BATSRUS simulation of the ICME event at913

Mercury, we show for the first time that these differences can be explained through914

the changes in magnetospheric environment imposed by the extremely low-Alfvnic915

(MA ≤ 1.5) solar wind conditions during the ICME. MESSENGER’s plasma and916

magnetic field measurements along its nightside traversal of Mercury during the917

ICME are more in-line with an Alfvn wing structure compared to the super-Alfvnic,918

magnetotail lobes. This notion is supported by the BATSRUS simulation, which919

shows that the windsock-shaped magnetopause is replaced by two collections of open920

magnetic field lines at a high inclination to the solar wind flow (Figure 4) indicative921

of Alfvn wing formation.922

4.2 Implications for Mercury Science923

It is highly likely that Mercury was subjected to other trans-Alfvnic and sub-Alfvnic924

conditions during MESSENGER’s orbital lifetime. Hajra and Tsurutani (2022)925

demonstrated that sub-Alfvnic conditions at Earth tend to occur either during926

ICME impacts or in the trailing portion of high-speed stream (HSS) solar wind927

events. On average, sub-Alfvnic conditions within the near-Earth environment oc-928

cur once every two years, but this varies with solar cycle, and there are years near929

solar max in which the solar wind was sub-Alfvnic on more than four separate oc-930

casions at Earth. Sub-Alfvnic solar wind conditions should occur more frequently931

at Mercury compared to Earth because Mercury is closer to the Sun. However, the932

nature of single spacecraft observations and the lack of full phase-space plasma mea-933

surements within the solar wind make identification and analysis of these intervals934

difficult with MESSENGER observations. The ICME event analyzed within this935

study was ideal for estimating the impact of low MA conditions for the following936

reasons:937

1. The ICME reached Mercury when MESSENGER was sampling the solar938

wind, allowing for a clear identification of the ICME via the interplanetary939

shock.940

2. The magnetic field within the ICME rotated from north-to-south just before941

MESSENGER crossed into Mercury’s magnetosphere. The magnetic field942

within a magnetic cloud is steadier than the ICME sheath and nominal so-943
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lar wind conditions, allowing us to assume that the upstream IMF remained944

consistent throughout MESSENGER’s magnetospheric traversal.945

3. MESSENGER crossed the magnetopause near the subsolar point, allowing us946

to estimate MA through the procedure discussed in Section 3.2, which requires947

a small angle between the solar wind flow and the magnetopause normal.948

4. MESSENGER’s orbit was within the same plane as the upstream IMF, allow-949

ing for sampling of the Alfvn wing structure.950

While it is likely that a fraction of the ICMEs within the Winslow et al. (2015,951

2017) catalog also exhibited trans-Alfvnic or sub-Alfvnic conditions, the event de-952

scribed here is the only event that met these necessary observational criteria for the953

analysis performed in this study.954

This extremely low Alfvn Mach number (MA) event at Mercury offers valuable in-955

sights into the planet’s dynamic response to the intense solar wind conditions of the956

inner heliosphere. We compare some key similarities and differences between Mer-957

cury’s magnetospheric response to this ICME event, and the disappearing dayside958

magnetopause (DDM) events discussed in Slavin et al. (2019). The combined effects959

of greatly enhanced dayside magnetic reconnection and extreme magnetospheric960

compression can lead to a DDM, allowing shocked solar wind plasma to impact the961

planet’s surface directly. Both the DDM events and our example of a potential Alfvn962

wing magnetospheric configuration occurred during ICME events, but the properties963

of the ICME upstream of Mercury differ between these two scenarios. DDM events964

are associated with extremely large dynamic pressure conditions (PSWdyn ≥ 140 nPa)965

within the ICME, which compress Mercury’s magnetosphere and increase the MA.966

In contrast, Alfvn wing configurations are more likely under moderate-low PSWdyn967

values because low MA conditions occur more frequently under a combination of low968

solar wind velocity and density. The planetary bow shock during a DDM event is969

strong and located very close to the planet (Guo et al., 2023), while the bow shock970

during Alfvn wing events is either missing or weak and at very high altitudes. Inter-971

estingly, both the DDM events and the Alfvn wing event discussed here took place972

under strongly southward IMF orientations. A strongly southward IMF enhances973

dayside magnetic reconnection and magnetic erosion, making a DDM event more974

likely. The formation of Alfvn wings, however, is more dependent on the strength of975

the IMFdue to its impact on the Alfvn velocitythan on its orientation. Unlike DDM976

events, Alfvn wing formation does not depend on the upstream IMF orientation977

(Ridley, 2007; Saur et al., 2013). Future studies of low MA events at Mercury may978

observe cases with northward or dawn-dusk oriented IMF. In the latter case, Alfvn979

wings could align along the dawn-dusk direction, similar to observations at Earth980

(Chané et al., 2012; Chen et al., 2024).981

Many open questions remain regarding Alfvn wing formation at Mercury. As men-982

tioned above, Mercury lacks a conductive ionosphere but does possess a highly983

conductive iron core that sits beneath a low-conductivity mantle. This iron core984

supports currents in response to changing magnetospheric conditions, generating en-985

hanced magnetic flux surrounding the planet through magnetic induction (Johnson986

et al., 2016). Dynamic simulations of Mercury’s magnetospheric response to decreas-987

ing MA conditions could investigate the role induction plays in Alfvn wing formation988

at Mercury. This lack of a conducting ionosphere likely also affects the field-aligned989

current (FAC) systems that flow along Alfvn wings (Neubauer, 1980). Thus, the990

details of the physics of Alfvn wings at Mercury directly relate to our understanding991

of FACs at the planet, which hold interesting implications regarding the electrical992

conductance of Mercury’s surface and interior (Slavin et al., 1997; Anderson et al.,993

2014). Furthermore, the eroded magnetopause, series of FTEs along the dayside994

magnetopause, and thin current sheet observed during this ICME event suggest an995

enhanced rate of magnetic reconnection. How is magnetic flux transferred through-996
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out Mercury’s magnetosphere during low MA conditions? This question is directly997

relevant to Ganymede’s magnetosphere, which has been hypothesized to be an exam-998

ple of a steady-state reconnection with Jupiter’s planetary magnetic field (Kivelson999

et al., 2004).1000

4.3 Implications for Future Missions1001

The upcoming dual-probe BepiColombo mission to Mercury will provide an unprece-1002

dented view of Mercury’s magnetospheric response to the solar wind. BepiColombo1003

will enter into orbit around Mercury in November 2026, with a possible extended1004

mission to last until April 2029. Based on statistics of low MA conditions at Earth,1005

it is likely that MA in the solar wind will drop into the trans-Alfvnic and even into1006

the sub-Alfvnic regime during the BepiColombo mission. The two spacecraft, Mio1007

and MPO, will enter into polar orbits of different eccentricities. MPO will orbit at a1008

lower altitude and focus on the near-Mercury environment, sampling along the mag-1009

netopause boundary, while Mio will focus on the outer magnetospheric environment,1010

frequently sampling upstream of the bow shock (Milillo et al., 2020; Benkhoff et al.,1011

2021). Both spacecraft are equipped with a suite of plasma science instrumentation1012

that measure properties of plasma populations within the solar wind and Mercury’s1013

magnetospheric environment (Baumjohann et al., 2020; Heyner et al., 2021). As a1014

result, the properties of the solar wind could be identified and directly analyzed by1015

the instrumentation onboard Mio, allowing for a dynamic estimate of MA based on1016

plasma moments, as opposed to the single estimate of MA based on the pressure1017

balance assumptions discussed in our work. Mio measurements of low MA conditions1018

within upstream solar wind could be compared with concurrent MPO measurements1019

near Mercury to assess the planet’s real-time magnetospheric response. Future coor-1020

dinated analyses of low MA solar wind conditions with the BepiColombo spacecraft1021

will allow us to explore many more important and interesting effects that take place1022

at planetary environments in our solar system (Lavraud & Borovsky, 2008).1023

The Europa Clipper (Pappalardo et al., 2024) and Jupiter Icy Moons Explorer1024

(JUICE) spacecraft (Grasset et al., 2013) are the first dedicated efforts to under-1025

stand the complex dynamics that govern the Jovian moon interaction with Jupiter’s1026

magnetospheric plasma. Future studies utilizing Europa Clipper and JUICE obser-1027

vations will allow for a direct comparison between moon-magnetospheric interactions1028

and solar wind-planetary interactions under similar upstream MA conditions, which1029

will isolate the key variables that characterize these complex magnetospheric envi-1030

ronments. Furthermore, Mercury is the best planetary analog to many exoplanetary1031

environments. A substantial amount of detected exoplanetary environments are1032

close-in, terrestrial, and likely consistently exposed to sub-Alfvnic solar wind (Saur1033

et al., 2013). Many of these exoplanets orbit M-dwarf stars, resulting in a larger1034

number of ICMEs compared to our own Sun. Thus, studies of extreme solar wind1035

events at Mercury, such as the ICME presented here, offer a brief window of time1036

into which in-situ observations of a planetary magnetospheric response to the condi-1037

tions frequently faced by exoplanetary environments.1038

5 Open Research1039

In accordance with the AGU data policy, MESSENGER data are publicly avail-1040

able through the Planetary Plasma Interactions Node of the Planetary Data Sys-1041

tem (Korth, 2021). The results of the BATSRUS model run during the ICME can1042

be downloaded via (Bowers, 2024a). A user guide to generate the figures in this1043

manuscript can be found here: (Bowers, 2024b).1044
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Tóth, G., van der Holst, B., Sokolov, I. V., De Zeeuw, D. L., Gombosi, T. I.,1408

Fang, F., . . . Opher, M. (2012). Adaptive numerical algorithms in space1409

weather modeling. Journal of Computational Physics, 231 (3), 870–903. doi:1410

10.1016/j.jcp.2011.02.0061411

Volwerk, M., Khurana, K., & Kivelson, M. (2007). Europa’s Alfvn wing: Shrinkage1412

and displacement influenced by an induced magnetic field. Annales Geophysi-1413

cae, 25 (4), 905–914. doi: 10.5194/angeo-25-905-20071414

Winslow, R. M., Anderson, B. J., Johnson, C. L., Slavin, H., J. A.and Korth, Pu-1415

rucker, M. E., Baker, D. N., & Solomon, S. C. (2013). Mercury’s magne-1416

topause and bow shock from MESSENGER Magnetometer observations.1417

Journal of Geophysical Research: Space Physics, 118 (5), 2213–2227. doi:1418

https://doi.org/10.1002/jgra.502371419

Winslow, R. M., Lugaz, N., Philpott, L., Farrugia, C. J., Johnson, C. L., Ander-1420

son, B. J., . . . Asad, M. A. (2020). Observations of Extreme ICME Ram1421

Pressure Compressing Mercurys Dayside Magnetosphere to the Surface. The1422

Astrophysical Journal , 889 (2), 184. doi: 10.3847/1538-4357/ab61701423

Winslow, R. M., Lugaz, N., Philpott, L. C., Schwadron, N. A., Farrugia, C. J., An-1424

derson, B. J., & Smith, C. W. (2015). Interplanetary coronal mass ejections1425

from MESSENGER orbital observations at Mercury. Journal of Geophysical1426

Research: Space Physics, 120 (8), 6101–6118. doi: 10.1002/2015JA0212001427

–36–



A
ut

ho
r 

M
an

us
cr

ip
t 

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to Journal of Geophysical Research: Space Physics

Winslow, R. M., Philpott, L., Paty, C. S., Lugaz, N., Schwadron, N. A., Johnson,1428

C. L., & Korth, H. (2017). Statistical study of ICME effects on Mercury’s1429

magnetospheric boundaries and northern cusp region from MESSENGER.1430

Journal of Geophysical Research: Space Physics, 122 (5), 4960–4975. doi:1431

10.1002/2016JA0235481432
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