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Abstract Although the zeroth-order picture of the Moon-solar wind interaction involves no upstream
perturbation, the presence of the Moon does affect the upstream plasma in a variety of ways. In this
paper, a large volume of data obtained by the dual-probe Acceleration, Reconnection, Turbulence and
Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS) mission are used to characterize the
large-scale morphology of the “foremoon,” which is defined as the region upstream of the Moon and its
wake that contains Moon-related particles and waves. Solar wind ions reflected from the unshielded surface
and by crustal magnetic fields, together with heavy ions of lunar surface/exospheric origin, are picked up
by the solar wind magnetic and electric fields. Partially coinciding with populations of these Moon-related
ions, ∼0.01 Hz and ∼1 Hz magnetic field fluctuations are observed. The morphology of the Moon-related
ion and wave distributions is well organized by the upstream magnetic field direction. In addition, the
low-frequency wave distributions depend on the upstream Alfvén Mach numbers, suggesting that
propagation effects also play a role in determining the wave foremoon morphology. Occurrence of modified
electron velocity distributions and higher-frequency, electromagnetic, and electrostatic waves is primarily
controlled by magnetic connection to the Moon and its wake. These statistical results observationally
demonstrate the large-scale properties of the foremoon and upstream-parameter control thereof.

1. Introduction

The Moon-solar wind interaction provides a representative, most studied example of the interaction of an
unmagnetized, airless body with flowing plasma [Schubert and Lichtenstein, 1974; Halekas et al., 2011, 2015].
The dayside lunar surface is directly bombarded by the incident charged particles owing to the lack of global
magnetic and atmospheric shielding. Early observations suggested that the incoming solar wind plasma is
completely absorbed by the Moon with virtually no perturbations in the upstream plasma, leading to the
absence of a global bow shock and the formation of the lunar wake, i.e., a plasma void behind the Moon
[Colburn et al., 1967; Lyon et al., 1967; Ness et al., 1967]. It was also suggested that the Moon can be treated as
a perfect insulator on the zeroth order, so that the interplanetary magnetic field (IMF) is rapidly diffused into
the lunar interior without piling up on the Moon’s dayside.

Although no upstream perturbation of plasma and fields is expected in this “passive absorber” model, a num-
ber of types of Moon-related particles and waves have been observed in the upstream solar wind plasma
(Y. Harada and J. S. Halekas, Upstream waves and particles at the Moon, Geophysical Monograph Series, unpub-
lished manuscript, 2015). The solar wind ions are reflected up to a few percent from the unmagnetized surface
[Saito et al., 2008; Lue et al., 2014] and up to 50% from strongest magnetic anomalies [Saito et al., 2010; Lue
et al., 2011]. Multiple species of lunar ions sputtered directly from the surface and/or ionized from the lunar
neutral exosphere have been detected as pickup ions in the solar wind [Benson et al., 1975; Hilchenbach et al.,
1993; Mall et al., 1998; Yokota et al., 2009; Halekas et al., 2012a]. Surface absorption of electrons combined with
magnetic/electrostatic reflection produces loss cones in the upward electron velocity distributions [Anderson
et al., 1975]. Field-aligned electron beams upcoming from the Moon are observed both on the dayside
[Halekas et al., 2012b; Harada et al., 2014] and in the wake [Halekas et al., 2002]. Also, the wake-related potential
drop gives rise to counterstreaming electrons on the field lines piercing the wake [Farrell et al., 1996; Futaana
et al., 2001; Halekas et al., 2011].

These additional particle components and modified velocity distributions can generate several classes of
waves. Magnetometer measurements by lunar orbiters have revealed the presence of large-amplitude ULF
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waves with peak frequencies ∼0.01–0.1 Hz [Nakagawa et al., 2012; Halekas et al., 2013], broadband magnetic
turbulence at 0.1–10 Hz [Halekas et al., 2008, 2012c; Nakagawa et al., 2011; Tsugawa et al., 2012], and∼1 Hz nar-
rowband whistlers [Lin et al., 1998; Halekas et al., 2006, 2008, 2013; Tsugawa et al., 2011]. These low-frequency
waves are generally enhanced above strong crustal magnetic fields, implying their association with reflected
ions. In contrast, higher-frequency, ∼100 Hz whistlers are weakened when the field lines are connected to
strong crustal fields, suggesting electron anisotropy caused by surface absorption as a plausible free energy
source [Harada et al., 2014]. Broadband electrostatic emission is frequently detected on the field lines con-
nected to the Moon or to the lunar wake, as well as inside the wake [Bale et al., 1997; Farrell et al., 1997;
Hashimoto et al., 2010; Nishino et al., 2010; Tao et al., 2012; Harada et al., 2014].

Many of the lunar upstream phenomena have similarities to those observed in the planetary and cometary
foreshocks [Russell and Hoppe, 1983; Coates and Jones, 2009], though the Moon lacks a global bow shock. For
example, magnetic connection to the Moon/wake is a primary factor controlling occurrence of lunar upstream
waves as magnetic connection to the bow shock is important for foreshock waves. In this paper, we define
the “foremoon” as the region upstream of the Moon and its wake that contains particles and waves associ-
ated with the Moon. Our current understanding of the foremoon has been based mostly on event studies and
low-altitude statistics. The observational limitation has hindered direct confirmation of large-scale foremoon
properties that are extrapolated from the case studies and are predicted by simulations. The aim of this paper
is characterization and visualization of the morphology of this foremoon region, where a wide variety of lunar
upstream phenomena of ions, electrons, and low- and high-frequency waves are observed. We conduct com-
prehensive statistics to obtain the global distributions of each type of lunar upstream particles and waves,
utilizing a huge volume of data accumulated over 3.5 years by two probes of the Acceleration, Reconnection,
Turbulence and Electrodynamics of the Moons Interaction with the Sun (ARTEMIS) mission [Angelopoulos,
2011]. The unprecedented scale of comprehensive data sets from ARTEMIS enables a direct, observational
study on the large-scale distributions of many kinds of lunar upstream phenomena. The rest of the paper is
structured as follows: section 2 provides a brief description of the ARTEMIS data used in this study. In section 3,
we present the statistically derived global distributions of lunar upstream particles and waves in different IMF
directions. In section 4, we discuss expected and unexpected features of the statistical results in the context
of how these results refine our understanding of the Moon-plasma interaction. Finally, the major conclusions
of this paper are provided in section 5.

2. Data Sets

The plasma and field data used in this work were obtained from July 2011 to December 2014 by ESA
(electrostatic analyzer) [McFadden et al., 2008], EFI (electric field instrument) [Bonnell et al., 2008], SCM (search
coil magnetometer) [Roux et al., 2008], and FGM (fluxgate magnetometer) [Auster et al., 2008] instruments on
board ARTEMIS. The ESA instrument measures ions from 1.6 eV to 25 keV and electrons from 2 eV to 32 keV
with 4𝜋 steradian fields of view. The EFI conducts electric field measurements from DC up to 8 kHz. The SCM
provides magnetic field spectra and waveforms from 0.1 Hz to 4 kHz. The FGM measures the magnetic field
from DC up to 64 Hz. The two ARTEMIS probes have nearly ecliptic orbits with inclination ∼0∘–30∘, peri-
apsis altitudes ∼10–1000 km, and apoapsis altitudes ∼9–11 RL, where the lunar radius RL = 1738 km. We
present statistical maps of quantities related to lunar upstream phenomena in the solar wind. We select solar
wind intervals based on the Moon’s position: −90∘ < 𝜙MoonGSE < 90∘, where 𝜙MoonGSE is the azimuthal angle
of the lunar position in the geocentric solar ecliptic (GSE) coordinates. We utilize the dual-probe capability
of ARTEMIS by subtracting quantities observed by one probe from those observed by the other probe so
that we can minimize contamination from background phenomena such as waves intrinsic in the solar wind
and backstreaming particles and waves in the terrestrial foreshock. For example, a dual-probe quantity at P1,
Qdual,1 = Qsingle,1 −Qsingle,2, is mapped as a function of location of P1, and Qdual,2 = Qsingle,2 −Qsingle,1 is mapped
as a function of location of P2, where Qsingle,1 and Qsingle,2 are single-probe quantities observed by P1 and P2,
respectively. We reject the dual-probe quantities when the other probe (P1 for Qdual,2 and P2 for Qdual,1) is
located in the wake (ion density <0.5 cm−3 or spacecraft in the geometric shadow). If we assume that spatial
scales of background phenomena are sufficiently large compared to the spacecraft separation ∼1–10 RL, the
dual-probe subtraction can remove background contribution. Thus, dual-probe quantities, especially those
enhanced near the Moon, can be associated with Moon-related phenomena. In case that both of the two
probes simultaneously detect Moon-related signals, they may be canceled out by this procedure. However,
lunar signals are typically detected only by one probe in the ARTEMIS data. This is because periapsis timings
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Figure 1. Time series data from ARTEMIS P1 and P2 in the solar wind on 8 and 9 May 2013, the same time interval as Figure 1 of Harada et al. [2014]. Ion energy
spectra in units of eV/cm2/s/str/eV of (a) all ions and (b) nonsolar wind ions (see text for details); (c) ion azimuthal-angle spectra; (d) 4 Hz magnetic fields in the
SSE coordinate system; magnetic field wave spectra for (e) 0–2 Hz total power, (f ) 0–0.0625 Hz transverse power, and (g) 0–0.0625 Hz compressional power; and
(h) SSE coordinates of the spacecraft position from P1; and (i–p) those from P2.

and locations of the two probes do not coincide during the vast majority of the orbits, and the spacecraft
spend much more time observing the background plasma far from the Moon than close to the Moon given
the highly eccentric ARTEMIS orbits. As shown in the following section, this simple subtraction produces very
clean data which represent signals from lunar upstream particles and waves with only small background

3. Statistical Results

This section presents the main results of our statistical analysis. Medians of dual-probe quantities are plot-
ted as a function of spacecraft position in the selenocentric solar ecliptic (SSE) or selenocentric solar electric
(SSEl) coordinates. In the SSE system, the X axis points from the Moon toward the Sun, the Z axis is parallel
to the upward normal to the Earth’s ecliptic plane, and the Y axis completes the orthogonal coordinate set.
The SSEl system has the same X axis as the SSE system, the Z axis is parallel to x̂ × B, and the Y axis com-
pletes the orthogonal coordinate set. In the SSEl system, the motional electric field in the solar wind roughly
points toward +ZSSEl. Here the upstream magnetic field B is derived from the mean of 8 s averaged magnetic
field vectors detected by the two probes. When one probe is located in the wake (ion density <0.5 cm−3 or
spacecraft in the geometric shadow), we use the magnetic field at the other probe as the upstream field to
avoid the field perturbation by wake current systems. In addition to maps derived from all the available data,
we present the data divided into five cases according to the upstream IMF cone angle 𝜃IMF = cos−1(Bx∕B)
and clock angle 𝜙IMF = tan−1(By∕Bz) in the SSE frame: IMF Parker spiral case with (30∘ < 𝜃IMF < 60∘ and
225∘ < 𝜙IMF < 315∘) or (120∘ < 𝜃IMF < 150∘ and 45∘ < 𝜙IMF < 135∘); IMF By case with 60∘ < 𝜃IMF < 120∘
and (45∘ < 𝜙IMF < 135∘ or 225∘ < 𝜙IMF < 315∘); IMF Bx case with 0∘ < 𝜃IMF < 30∘ or 150∘ < 𝜃IMF < 180∘;
IMF +Bz case with 30∘ < 𝜃IMF < 150∘ and −45∘ < 𝜙IMF < 45∘; and IMF −Bz case with 30∘ < 𝜃IMF < 150∘ and
135∘ < 𝜙IMF < 225∘. The spatial bin size is 0.25RL × 0.25RL, and bins with less than three data points are not
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Figure 2. Spatial distributions of nonsolar wind ion flux in the SSE coordinates for different IMF directions: (a) all data, (b) IMF Parker spiral case, (c) IMF By case,
(d) IMF Bx case, (e) IMF +Bz case, and (f ) IMF −Bz case (see text for details).

plotted. The bins near the Moon typically contain ∼20–5000 data points, providing reasonably good statis-
tics. The SSE distributions are shown in the XSSE-YSSE plane with all ZSSE range included in the plot. These maps
effectively provide nearly ecliptic cuts because of the nearly ecliptic ARTEMIS orbits.

3.1. Moon-Related Ions
In order to extract Moon-related populations from the mixture of the solar wind and Moon-related ions, we
mask the solar wind component based on the ion energy per charge E∕q and angle: 0.4ESW∕e < E∕q < 4ESW∕e,
where ESW∕e is the solar wind proton energy per charge and angles within 45∘ from the solar wind velocity
direction. The rest is defined as nonsolar wind ions. Figure 1 shows a sample event that exhibits reflected and
accelerated ion populations. Electron velocity distributions and higher-frequency waves in the same event are
analyzed in detail by Harada et al. [2014]. It is seen that the nonsolar wind ions (Figures 1b and 1j) well repre-
sent the Moon-related ions that have different energies (Figures 1a and 1i) and/or different angles (Figures 1c
and 1k) from the narrow, solar wind ion beam during this orbit. We observe∼100–1000 eV/q reflected ions on
the dayside by P2 at 00:20–00:40 (Figure 1j) and accelerated ions with energies of a few keV/q on the dawn-
side flank by P1 at 00:13, 00:20, and 00:50–01:00 (Figure 1b) and by P2 at 23:50–00:10 (Figure 1j). Note that the
IMF Bz component is generally positive when the accelerated ions are observed on the dawnside, indicating
that the spacecraft are located on the positive electric field hemisphere.

As our definition of the nonsolar wind ions is not applicable when the major solar wind component is absent,
we only use ion observations outside the geometric shadow of the Moon. We note that this procedure also
removes parts of reflected ions which are moderately accelerated to energies and angles similar to those of the
solar wind ions. It is difficult to separate this minor component from the 1–2 orders of magnitude larger solar
wind flux. When solar wind ions are hot, the derived “nonsolar wind” component includes the outer portion
of the solar wind ion velocity distribution with fluxes above the one-count level. The nonsolar wind ions also
contain backstreaming ions from the terrestrial bow shock when the Moon is located in the ion foreshock of
the Earth. We find that most of these background populations can be removed by the dual-probe subtraction.

Figure 2a shows the XSSE-YSSE distribution of the omnidirectional nonsolar wind ion flux with dual-probe sub-
traction. We observe enhanced fluxes of nonsolar wind ions in the vicinity of the Moon. These nonsolar wind
ions can be associated with the Moon-related ions, which include ions of solar wind origin reflected by the
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Figure 3. Spatial distributions in the selenocentric solar electric (SSEl) coordinates of (a) low-, (b) medium-, and (c) high-energy nonsolar wind ion flux and of
(d) low-, (e) medium-, and (f ) high-energy ion flux in a single solid-angle bin of the instrument which includes the motional electric field direction. Note that the
color scales for low-energy ions are different from those for medium- and high-energy ions. Observations with IMF cone angles of 45∘ –135∘ and
−1RL < YSSEl < 1RL are used.

crustal fields or from the lunar surface as well as heavy ions of lunar surface/exospheric origin. Hereafter we
refer to the nonsolar wind ions enhanced around the Moon as Moon-related ions. Figures 2b–2f show the
same maps but separated for different IMF directions. The spatial distributions of the Moon-related ions are
well organized by IMF direction, reflecting the ion motion controlled by background magnetic and electric
fields. In the nominal Parker spiral configuration (Figure 2b), we see an ion population extending from the day-
side to dawnward and antisunward (toward the upper right corner), indicating that the Moon-related ions are
convected downstream mainly perpendicularly to the background magnetic field. Such Moon-related ions
conduct E × B drift toward the perpendicular direction in consequence of the motional electric field of the
solar wind in the Moon rest frame, E = −VSW ×B, and spread in the parallel direction depending on their par-
allel velocities. The IMF By case also shows the perpendicular population, which is aligned with the X axis in
the perpendicular IMF condition (Figure 2c). We find larger fluxes on the dawnside compared to the duskside,
reasons of which will be discussed later. In the IMF Bx case, the enhanced flux region is more expanded toward
upstream than the other cases (Figure 2d). This is consistent with weak motional electric fields and slow per-
pendicular drift in quasi-parallel IMF configurations, building up a column of reflected ions [Halekas et al.,
2013]. Finally, the IMF ±Bz cases show clear dependence of the ion distributions on the motional electric field
direction. In the northward IMF configuration (Figure 2e), Moon-related ions are distributed toward the dawn-
ward electric field, while we observe flux enhancement on the duskside in the southward IMF configuration
(Figure 2f ).

The pickup acceleration process is shown in more detail in the electric field plane (XSSEl-ZSSEl) slices of
low- (5–200 eV/q), medium- (200–2000 eV/q), and high-energy (2000–25,000 eV/q) ion distributions in
quasi-perpendicular IMF configurations with 45∘ < 𝜃IMF < 135∘ (Figure 3). We have confirmed that correction
for the solar wind aberration does not change the results qualitatively (not shown). We observe low-energy
Moon-related ions distributed mainly in −ZSSEl hemisphere (Figure 3a). The enhanced flux of low-energy ions
in the antielectric field hemisphere can be attributed to reflected ions that are first launched to the−ZSSEl direc-
tion with medium energies of 200–2000 eV/q and then decelerated to low energies <200 eV/q by the +ZSSEl

electric field. Note that Figure 3a has a different color scale from those in Figures 3b and 3c. The low-energy ion
flux is much smaller than the medium- and high-energy flux, indicating that the majority of the reflected ions
have energies higher than 200 eV/q. The largest flux is found in the medium-energy range, which corresponds
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Figure 4. Spatial distributions of ∼0.01 Hz transverse waves in the same format as Figure 2.

to the nominal energies of the reflected ions (Figure 3b). The high-energy ions are distributed predominantly
in the +ZSSEl hemisphere, demonstrating the acceleration by the solar wind motional electric field (Figure 3c).
The Moon-related ions are accelerated toward +ZSSEl from medium to high energies as they travel long dis-
tances along the electric field (Figures 3b and 3c). Figure 3c also shows that the high-energy Moon-related
ions have two main pathways: one starting from the dayside and quickly bent toward antisunward and the
other extending from the dayside to the +ZSSEl direction in a nearly straight line. The former presumably
corresponds to reflected protons that are more easily deflected by magnetic force, while the latter repre-
sents heavier pickup ions of lunar origin with much larger gyroradii. In some cases the reflected protons have
gyroradii close to the lunar radius, leading to proton entry deep into the lunar wake [Nishino et al., 2009].
Meanwhile, gyroradii of the heavy pickup ions are much larger than the lunar radius, enabling accelera-
tion to very high energies in giant cycloid trajectories [Yokota and Saito, 2005] (see also the +ZSSEl-extended
population in Figure 3f and the following paragraph).

Figures 3d–3f show SSEl distributions of ion flux in a single solid-angle bin of the instrument along the solar
wind motional electric field. As the heavy pickup ions have essentially zero initial velocities, their veloci-
ties are aligned with the electric field direction until magnetic force becomes effective. On the other hand,
reflected ions have a wide variety of initial velocities [Futaana et al., 2003; Saito et al., 2010]. Only a small
portion of the reflected ions contribute to the electric-field-aligned flux in a single solid-angle bin. The
electric-field-aligned ion flux exhibits different distributions from the omnidirectional flux. We note that the
low-energy electric-field-aligned ions are found on the dayside mainly in the +ZSSEl hemisphere (Figure 3d),
while the omnidirectional flux shows the opposite trend toward the −ZSSEl hemisphere (Figure 3a). This
low-energy population traveling along the electric field is consistent with ions of lunar origin in an early phase
of pickup acceleration. The medium- and high-energy electric-field-aligned ion fluxes display pickup accel-
eration of both reflected and lunar origin ions along the electric field (Figures 3e and 3f). Note that a typical
motional electric field of 1 mV/m can cause ∼keV acceleration over a 1RL distance. The high-energy pickup
ion population extends over ZSSEl > 2RL, corresponding to well-accelerated heavy ions of lunar origin.

3.2. Approximately 0.01 Hz Magnetic Field Fluctuations
Next we look at low-frequency magnetic field fluctuations observed around the Moon. We apply the fast
Fourier transform (FFT) to 8 s averaged magnetic field data sliding a 1024 s Hamming window by 256 s. The
obtained wave spectra for the transverse and compressional components during the sample event are shown
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Figure 5. Spatial distributions of ∼0.01 Hz compressional waves in the same format as Figure 2.

in Figures 1f, 1g, 1n, and 1o. The enhanced fluctuations of both the transverse and compressional components
are observed by P2 on the dayside at 00:30–00:50 (Figures 1n and 1o) and by P1 around the wake boundary
at 01:10–01:30 (Figures 1f and 1g). We note that the observed magnetic field fluctuations do not necessarily
exhibit clear narrowband features in contrast to the previous work [Nakagawa et al., 2012; Halekas et al., 2013].

Figures 4 and 5 show XSSE-YSSE distributions of the 0.005–0.05 Hz transverse and compressional compo-
nents, respectively. To eliminate strong broadband spectra caused by artificial/natural sharp discontinuities,
we reject the 1024 s interval magnetic field data if at least one of the three components jumps over 4 nT per
8 s or the magnetic field vector changes its direction over 60∘ per 8 s at some point within that interval. The
dual-probe subtraction of the integrated transverse power results in a moderate success in canceling Alfvénic
fluctuations embedded in the background solar wind; i.e., the lunar signals with warm colors can be identi-
fied, though we see the green color background noise in Figure 4. The spatial pattern of the wave distributions
changes according to the IMF direction. In the IMF Parker spiral and By cases (Figures 4b and 4c), the trans-
verse waves are distributed over the flanks starting from the tangential point of the field line and the Moon’s
dayside. Higher levels of transverse-wave activity are observed on the dawnside than on the duskside. We see
less clear enhancement of transverse waves near the Moon in the IMF Bx configuration (Figure 4d). In the IMF
±Bz cases (Figures 4e and 4f), no significant enhancement of Moon-related transverse waves is found except
in the very low-altitude terminator regions. The transverse wave activity is generally low in the lunar wake for
all IMF configurations.

The compressional component shows different distributions from the transverse component, particularly in
the lunar wake region (Figure 5). We observe compressional waves distributed from the limb into the central
wake and well extended toward the downwake (Figure 5a). We note that this compressional fluctuation in
and around the wake may include the spatial structures of magnetic fields generated by complex current
systems around the Moon [e.g., Fatemi et al., 2013, 2014]. The spatial pattern of the compressional component
outside the lunar wake is organized by the IMF direction in a similar fashion to the transverse component.
In the IMF Parker spiral and By cases (Figures 5b and 5c), the enhanced waves are observed over the flanks
starting from the field-line tangential point with small dawn-dusk asymmetry. We see the slightly enhanced
power on the dayside in the IMF Bx case (Figure 5d). The compressional power enhancement in the upstream
region is limited to low altitudes in the IMF ±Bz configurations (Figures 5e and 5f).
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Figure 6. Spatial distributions of ∼1 Hz waves in the same format as Figure 2.

3.3. Approximately 1 Hz Whistlers
We move up in frequency to ∼1 Hz waves. Here we apply FFT to 4 Hz magnetic field data sliding a 32 s
Hamming window by 8 s. Figures 1e and 1m show the obtained magnetic field wave spectra for the sample
event. The strong broadband fluctuations are observed by P2 on the dayside at 00:10–00:25 and 00:30–00:45
(Figure 1m).

Figure 6 shows XSSE-YSSE distributions of total wave power integrated over 0.6–2 Hz with dual-probe subtrac-
tion. The lower frequency limit 0.6 Hz is chosen so that we can exclude spin tones up to the second harmonics
∼0.5 Hz. We note that both broadband fluctuations and narrowband waves contribute to the wave power
in this frequency range. In this paper, we loosely use the term “∼1 Hz waves” to refer to enhanced magnetic
field fluctuations with frequencies of 0.6–2 Hz regardless of their spectral characteristics. Distributions of the
transverse and compressional components in this frequency range exhibit essentially the same pattern with
different magnitudes (not shown). In the IMF Parker spiral and By cases (Figures 6b and 6c), the wave distri-
butions are extended along field lines from the Moon and its wake. The ∼1 Hz waves are distributed from the
dayside field line tangential point in a similar way to the lower frequency waves. We observe distinctly strong
wave emissions on the dawnside in the IMF Parker spiral case (Figure 6b) and on the dayside in the IMF Bx case
(Figure 6d). In the IMF±Bz configurations (Figures 6e and 6f), only weak emissions are seen in the low-altitude
terminator regions. No significant wave activity is found inside the lunar wake.

3.4. Mach Number Dependence of Low-Frequency Waves
The morphology of the ∼0.01 Hz and ∼1 Hz waves is organized not only by the IMF direction but also by the
upstream Mach numbers. Figures 7a–7c show the XSSE-YSSE distributions of the ∼0.01 Hz transverse, ∼0.01 Hz
compressional, and ∼1 Hz total power in the IMF Parker spiral configuration for low Alfvén Mach numbers
(MA < 6), while Figures 7d–7f show those for high Mach numbers (MA > 6). All the three types of waves are
more extended upstream in the low Mach number condition. This is consistent with upstream propagat-
ing waves with higher ratios of the wave group velocities relative to the flow velocity. In low Mach number
conditions, these waves can travel further from the Moon before they are convected downstream, and their
propagation cones become wider. Also, we observe larger cone angles for the ∼1 Hz waves compared to
those of the∼0.01 Hz waves as expected from higher group velocities of ∼1 Hz whistlers than lower frequency
MHD wave group velocities.
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Figure 7. Spatial distributions of (a) transverse and (b) compressional components of ∼0.01 Hz waves, (c) ∼1 Hz waves in low Mach number conditions, and (d–f )
those in high Mach number conditions for IMF Parker spiral cases.

3.5. Electron Loss Cones and ∼100 Hz Whistlers
Occurrence of modified electron velocity distributions and higher-frequency whistlers is primarily deter-
mined by magnetic connection to the Moon. Hereafter the field line connection to the Moon is estimated
from the straight-line tracing of the magnetic field measured at the spacecraft under the assumption
of a spherical Moon. Figure 8 shows XSSE-YSSE distributions of maximum electron anisotropy, maximum
whistler growth rates computed from the measured electron distribution, and magnetic field wave inten-
sity integrated over 10–200 Hz. The v||-dependent electron anisotropy, A(v||) = ∫ (v||𝜕f∕𝜕v⟂ − v⟂𝜕f∕𝜕v||)
v2
⟂∕v||dv⟂∕ ∫ 2fv⟂dv⟂, represents the temperature anisotropy caused by the combination of the surface

absorption and magnetic/electrostatic reflection of electrons [Kennel and Petschek, 1966; Santolik et al.,
2011]. It can be used as a measure of loss cone distributions related to the whistler mode growth rate
𝛾(v||)∕𝜔ce = 𝜋(1 − 𝜔∕𝜔ce)2𝜂(v||)[A(v||) − 1∕(𝜔ce∕𝜔 − 1)], where 𝜂(v||) is the fraction of resonant electrons
𝜂(v||) = 2𝜋v|| ∫ f (v||, v⟂)v⟂dv⟂∕Ne. These quantities are derived in the same manner as Harada et al. [2014],
and dual-probe subtraction is applied when plotting them. We observe enhancement of the three quantities
only when magnetic field lines are connected to the Moon (Figures 8a–8c) and no enhancement is seen dur-
ing unconnected intervals (Figures 8d–8f ). The distributions of the computed local growth rates (Figure 8b)
and detected whistlers (Figure 8c) show consistent features, suggesting a direct link between the electron
velocity distributions and higher-frequency whistlers. All the three quantities exhibit clear day-night asymme-
try. Meanwhile, the electron anisotropy shows additional dawn-dusk asymmetry. This dawn-dusk asymmetry
is not seen in the growth rate and wave power distributions. We will discuss the day-night and dawn-dusk
asymmetry in the following section.

3.6. Approximately 1 kHz Electrostatic Waves
Figure 9 shows XSSE-YSSE distributions of electric field wave intensity integrated over 300–8000 Hz with
dual-probe subtraction. As was done by Harada et al. [2014], we reject wave spectra if the 10–1000 Hz
integrated power exceeds 10−9 (V/m)2 to exclude contamination from the nongeophysical periodic
low-frequency bursts. The high-frequency electrostatic waves are observed when magnetic field lines are
connected to the Moon regardless of solar zenith angles (Figure 9a). Such broadband electrostatic emission
is observed simultaneously with field-aligned electron beams upcoming from the Moon [Harada et al., 2014],
and the upward electron beams are commonly observed on both the dayside and nightside [Halekas et al.,
2002, 2012b]. Figures 9b and 9c show electric field wave distributions when magnetically connected to the
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Figure 8. Spatial distributions of (a) maximum electron anisotropy, (b) maximum growth rate, and (c) ∼100 Hz whistler waves when magnetic field lines are
connected to the Moon and (d–e) those during unconnected intervals.

geometric shadow and when field lines are not connected to the Moon inside the geometric shadow, respec-
tively. These wake-related electric field waves can be associated with electron velocity distributions modified
either by the ambipolar potential drop or by Type-II ion entry [Futaana et al., 2001; Nishino et al., 2010, 2013;
Halekas et al., 2011; Tao et al., 2012]. When field lines are not connected to the Moon nor to the lunar wake, no
significant electrostatic emission is observed outside the wake (Figure 9d).

4. Discussion

In this section, we discuss previously suggested properties and newly found features of the foremoon, based
on the statistical results presented in the previous section.

The Moon-related ions in different IMF configurations behave mostly as expected from pickup acceleration
of reflected ions and heavy ions of lunar origin. The Moon-related ion distribution in the Parker spiral case
(Figure 2c) shows very similar properties to simulation results with the Parker spiral IMF [Holmström et al.,
2010; Fatemi et al., 2014]. The dayside accumulation of reflected ions in the parallel IMF case (Figure 2d)
was proposed and simulated to account for the generation of the coherent, low-frequency magnetic field
waves observed in the quasi-parallel IMF [Halekas et al., 2013]. Figure 2d demonstrates that the backstreaming
ions are accumulated above the entire lunar dayside, which could provide with significant energy source for
wave growth in this special IMF configuration. Perhaps the stronger flux on the dawnside in the IMF By case
(Figure 2c) appears an unexpected feature, and this will be discussed later. The low-energy and high-energy
heavy pickup ions have been studied from observations at ∼100 km altitudes [Yokota et al., 2009] and from
fewer observations at high altitudes [Halekas et al., 2012a], respectively. We now confirm the continuously
extended pickup ion population from the low-altitude lunar dayside all the way up to at least several lunar
radii altitudes along the solar wind motional electric field (Figures 3d–3f ).

Next we discuss low-frequency (∼0.01 Hz and ∼1 Hz) wave distributions shown in Figures 4–7. The outward
expansion of the magnetic field fluctuations in the region magnetically connected to the lunar wake (also
referred to as the forewake in the literature) was observed first by Explorer 35 [Ness and Schatten, 1969] and
later by Wind [Farrell et al., 1996] and Geotail [Nakagawa et al., 2003]. The dayside magnetic field fluctua-
tions have been observed by a number of low-altitude spacecraft [Lin et al., 1998; Halekas et al., 2006, 2008;
Nakagawa et al., 2011, 2012; Tsugawa et al., 2011, 2012] and also by ARTEMIS [Halekas et al., 2012c, 2013].
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Figure 9. Spatial distributions of high-frequency electrostatic waves when (a) field lines are connected to the Moon,
(b) field lines are connected to the geometric shadow, (c) field lines are not connected to the Moon but the spacecraft
are located in the geometric shadow, and (d) field lines are not connected to the Moon nor to the geometric shadow
and the spacecraft are outside the geometric shadow.

These forewake and dayside waves have been reported and discussed separately perhaps because they
were implicitly assumed to be different phenomena with different origins. However, the large-scale distri-
butions of the ∼0.01 Hz and ∼1 Hz waves exhibit continuous wave distributions from the dayside to the
forewake (Figures 4b, 4c, 5b, 5c, 6b, and 6c). These statistical distributions suggest that careful examination
is needed to conclude unambiguously that the observed forewake waves originate from the wake, because
part of these waves could be generated on the lunar dayside or near the terminator and then convected
downstream to the forewake by the solar wind. We note that a field line which is now connected to the geo-
metric shadow used to be connected to the Moon as well, unless the field line changes its direction rapidly
while it is convected downstream. Along those lines, the Mach number control of wave propagation cones
(also known as Mach cones) is expected naturally, and Figure 7 observationally demonstrates such effects on
lunar upstream waves.

The magnetic-connection control of the electron-related waves (Figures 8 and 9) is consistent with the previ-
ous observations [Halekas et al., 2012c; Harada et al., 2014]. The electrostatic waves in the lunar wake are widely
distributed from the near wake to the distant wake (Figure 9c), indicating the common presence of electro-
static emission all over the wake which is inferred from the individual event studies [Farrell et al., 1997; Nishino
et al., 2010; Tao et al., 2012] and was predicted by simulations [Farrell et al., 1998]. The day-night asymmetry in
Figures 8a–8c is a new feature revealed by the statistical results. This asymmetry can be associated with two
effects: negative surface potentials on the nightside and electron density decrease in the wake. As the night-
side lunar surface is charged negatively owing to the lack of the photoelectron current, more electrons are
reflected on the nightside. Electron loss cones are more filled by these electrically reflected populations, lead-
ing to smaller anisotropy (Figure 8a). Besides, the electron density drops in the wake, resulting in the higher
magnetic energy per particle Ec = B2∕2𝜇0Ne (equivalently lower fpe∕fce) and smaller fraction of resonant elec-
trons [Kennel and Petschek, 1966]. The combination of these two effects could lead to the lower growth rates
(Figure 8b) and weaker whistler emission (Figure 8c) on the nightside compared to the dayside.
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Figure 10. Surface distributions of field line foot points when the
spacecraft are located on (a) the postdawn (−90∘ < 𝜙SSE < −45∘) and
(b) the predusk (45∘ < 𝜙SSE < 90∘) section of the Moon, where 𝜙SSE is
the azimuthal angle of the spacecraft position in the SSE coordinates.
The white contours denote the surface strength of the crustal magnetic
fields derived from Lunar Prospector magnetometer/electron
reflectometer measurements with lines for 10 nT, 20 nT, 50 nT, 100 nT,
and 200 nT [Mitchell et al., 2008].

Dawn-dusk asymmetry is found in the
distributions of the Moon-related ions
(Figure 2c), ∼0.01 Hz waves (Figures 4c
and 5c), ∼1 Hz waves (Figure 6c), and
electron anisotropy (Figure 8a). The
Moon-related ions and low-frequency
waves are enhanced on the dawnside,
while the electron anisotropy is sup-
pressed on the dawnside. This can be
explained by biased sampling of crustal
magnetic fields. Figure 10 shows field
line foot point distributions on the lunar
surface for different spacecraft locations
on the postdawn and predusk. The foot
points are not uniformly distributed in
longitude because the limited range of
lunar phase is used for our statistics.
Consequently, the dawnside probes are
more likely connected to strongly mag-
netized regions compared to the dusk-
side probes. As the stronger magnetic
fields reflect more ions and electrons,
the Moon-related ion flux is enhanced,

and the electron anisotropy is reduced on the dawnside (Figures 2c and 8a). Previous observations have shown
that the occurrence and intensity of the low-frequency waves and field disturbances are correlated with lunar
magnetic anomalies [Russell and Lichtenstein, 1975; Halekas et al., 2006; Tsugawa et al., 2011, 2012; Nakagawa
et al., 2012], which are consistent with the stronger wave power on the dawnside (Figures 4c, 5c, and 6c).

The clear dawn-dusk asymmetry seen in the electron anisotropy distribution (Figure 8a) does not appear in
the growth rate distribution computed from the same electron velocity distributions (Figure 8b). This means
that the smaller anisotropy must be compensated by larger fraction of resonant electrons on the dawnside,
because the growth rate depends on the product of the electron anisotropy and fraction of resonant elec-
trons. The asymmetric distribution of resonant electrons can be attributed to the blockage by the Moon of
suprathermal electrons coming from the Sun. In the nominal Parker spiral configuration, dawnside field lines
are located between the Sun and Moon, and all electrons exiting from the Sun are incident on the dawn-
side of the Moon. On the other hand, duskside field lines are more likely located behind the Moon, leading to
blockage of antisunward electrons by the Moon. As a result, more suprathermal electrons are incident on and
reflected from the Moon’s dawnside compared to the duskside. The opposite asymmetry of the anisotropy
and fraction of resonant electrons results in nearly symmetric distributions of the computed growth rate and
observed whistlers (Figures 8b and 8c).

It is proposed that reflected ions can provide free energy sources for the∼0.01 Hz and∼1 Hz waves [Nakagawa
et al., 2011, 2012; Tsugawa et al., 2011, 2012; Halekas et al., 2013]. The Moon-related ions do exhibit simi-
lar global distributions to the low-frequency wave distributions. For example, the ion population extending
from the dayside to dawnward and antisunward in the Parker spiral case (Figure 2b) coincides with enhanced
∼0.01 Hz transverse waves (Figure 4b) and ∼1 Hz waves (Figure 6b). The distributions of the Moon-related
ions and ∼1 Hz waves are strikingly similar in the IMF Bx case (Figures 2d and 4d). However, we also find sig-
nificant difference between the ion and wave distributions. We observe plenty of Moon-related ions that are
picked up by the solar wind and gyrate around the Moon in the IMF ±Bz cases (Figures 2e and 2f), but almost
no waves are observed in the same regions (Figures 4e, 4f, 5e, 5f, 6e, and 6f). This indicates that the presence
of Moon-related ions is not a sufficient condition for detectable wave occurrence.

5. Conclusions

We have conducted comprehensive statistics using ARTEMIS data to investigate the global distributions of
lunar influence on the surrounding solar wind plasma. In contrast to the classical model of the Moon-solar
wind interaction, which implies no perturbation in the upstream plasma, the ARTEMIS observations exhibit
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the well-extended foremoon, where a wide variety of Moon-related waves and particles are present. The
observed properties of the large-scale foremoon morphology are generally consistent with what is expected
from the previous observations and simulations, but they also reveal new aspects of the foremoon.

Moon-related ion populations, which consist of reflected solar wind ions and heavy ions of lunar origin, are
first accelerated toward the motional electric field direction from the Moon’s dayside. When the IMF is nearly
perpendicular to the solar wind velocity, the reflected protons quickly gyrate around the magnetic field with
gyroradii which often happen to be comparable to the lunar radius. The heavy ions, on the other hand, have
much larger gyroradii and travel in huge cycloid trajectories, forming long populations extending from the
Moon’s dayside. In quasi-parallel IMF conditions, reflected ions can travel further upstream in weak motional
electric fields. In this case, we observe a cloud of reflected ions that is more expanded upstream compared to
the quasi-perpendicular IMF case.

Spatial distributions of both transverse and compressional components of ULF waves with frequencies
∼0.01 Hz are controlled by the IMF direction. Strong magnetic field fluctuations are observed in the upstream
region behind the tangential field line. The transverse component exhibits strong dawn-dusk asymmetry near
the terminator and becomes very weak in the lunar wake. Meanwhile, the compressional fluctuations have
less pronounced dawn-dusk asymmetry and expand into the lunar wake. The different distributions of the
two components suggest different sources and/or different propagation properties. Maps of∼1 Hz waves also
show clear dependence on the IMF direction and pronounced dawn-dusk asymmetry. The∼0.01 Hz and∼1 Hz
waves are continuously distributed from the dayside over the terminator to the forewake, suggesting possi-
ble connection between the dayside and forewake waves. The morphology of these low-frequency waves is
sorted by another parameter: Mach numbers. We observe enhanced wave intensity more upstream in low
Alfvén Mach number cases. The wave distributions in high Alfvén Mach number conditions display narrower
propagation cones, indicating that waves are convected downstream faster. Although these low-frequency
waves partially coincide with the Moon-related ions, only ions are observed in some conditions.

Electron anisotropy, linear growth rates of whistler mode waves computed from the measured electron veloc-
ity distributions, and detected power of higher-frequency ∼100 Hz whistlers are all enhanced on the field
lines connected to the Moon. Clear day-night asymmetry is found for these quantities, which are larger on the
dayside and smaller on the nightside. This asymmetry can be explained by large negative potentials on the
nightside lunar surface, which reflects more electrons and reduces the electron anisotropy and wave growth.
We observe pronounced dawn-dusk asymmetry in the electron anisotropy but not in the computed growth
rate and observed whistler intensity. The dawn-dusk asymmetry of electron anisotropy is presumably due to
biased magnetic field strengths at field line foot points; i.e., dawnside spacecraft are more likely connected to
stronger crustal fields when the Moon is located in the solar wind. This asymmetry could be compensated by
larger incoming flux of suprathermal electrons on the dawnside owing to the lunar blockage of antisunward
electrons on the duskside. The smaller anisotropy and larger fraction of resonant electrons on the dawn-
side result in nearly dawn-dusk-symmetric distributions of the computed whistler growth rates and observed
whistler emissions.

Strong high-frequency electrostatic waves are observed on the field lines connected to the Moon or lunar
wake and when the spacecraft are located in the wake. The electrostatic emission with frequencies lower than
the electron plasma frequency can be driven by outward traveling electron beams from both the dayside and
nightside lunar surfaces and by electron velocity distributions modified by the wake potential.

The statistical results presented in this paper have illustrated global characteristics of lunar upstream parti-
cles and waves as well as how the upstream parameters control them. Although these results have important
implications for generation and propagation of the lunar upstream particles and waves, detailed physical
processes responsible for the observed signatures are not yet uncovered. Further studies which focus on
each category of lunar upstream phenomena would be necessary to fully understand this complex upstream
region where multiple particle populations and wave modes may be interconnected.
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