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The Lunar Dust Exosphere
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Instrumentation

Garrick-Bethell et al., (2011)

wind weathering may be sufficient to cause surface brightening
(Hood and Williams, 1989). Another concern with the stand-off
model is that many swirls, such as those at Mare Marginis (Rich-
mond and Hood, 2008), have weak magnetic anomalies compared
to the center of Reiner Gamma swirl, yet Reiner Gamma is the only
swirl for which deflection of protons has been modeled (Hood and
Williams, 1989). In addition, a reduced solar wind flux also does
not easily explain possibly anomalous photometric properties of
Reiner Gamma (Kreslavsky and Shkuratov, 2003; Pinet et al.,
2004; Chevrel et al., 2006; Kaydash et al., 2009), which suggest a
unique regolith microstructure. Radar observations also indicate
anomalous surface roughness at the 3.8 cm scale, but not at the
70 cm scale, at the putative Descartes swirl (Zisk et al., 1972;
Thompson et al., 1974; Blewett et al., 2005a,b). Reiner Gamma
may also exhibit anomalous 13-cm-scale roughness (Campbell
et al., 2006).

The outline of the paper is as follows. In Section 2 we present an
analysis of near-surface magnetic field strengths at swirls, as well
as new spectral observations of lunar swirls. In Section 3 we pres-
ent a model for swirl formation by dust transport. In Section 4 we
discuss the implications of the dust transport model, as well as an
alternative interpretation of the spectral data. In Section 5 we con-
clude the paper.

2. Magnetic and spectral properties of swirls

2.1. Magnetic field strength at swirls

Knowledge of the near-surface magnetic field strength at lunar
swirls would be useful in determining both the swirl forming pro-
cess and the origin of the magnetic anomaly. For example, the
near-surface field strength can help constrain the volume magne-
tization and distribution of magnetized material, which in turn re-
lates to how the anomaly formed. Previously, only inversions from
orbital spacecraft data collected above !20 km have been used to
constrain the near-surface field strength (Hood et al., 1979; Hood,

1980; Kurata et al., 2005). Below we explain how unique morpho-
logic features of swirls can be related to the near-surface field
strength, and with a better model of the plasma interaction with
lunar magnetic fields, provide a means of measuring surface field
strengths.

Inside the high albedo areas of many swirls are dark lanes
where the swirl forming process apparently does not operate.
The thickness of these lanes may be related to the magnetic field
strength. For example, if the solar wind stand-off hypothesis is cor-
rect, dark lanes suggest the solar wind is being focused into an
otherwise wind-deflected region (Fig. 1) (Hood and Schubert,
1980). The focusing width is limited by the proton gyrodiameter,
which in turn can be related to the near-surface field strength.
Hood and Williams (1989) performed simple, Lorentz force-only
simulations of protons incident on arrangements of buried mag-
netic dipoles, and found focusing regions of !2 km thickness for
surface fields of 2800 nT. Swirls, however, often exhibit dark lanes
with thicknesses on the order of 600 m, Fig. 1, which would imply
surface fields of the order of 9000 nT, if only the Lorentz force was
important.

For at least two reasons, however, more detailed models of the
solar wind interaction with magnetic fields are required before
lanes can be used to measure field strength, if the solar wind
hypothesis is correct. Firstly, charge separation electric fields and
proton–electron momentum transfer will reduce the proton gyro-
diameter to a value intermediate between the electron and proton
values (Hood and Schubert, 1980; Hood and Williams, 1989). Sec-
ondly, it is possible the precipitation of particles along open mag-
netic field lines that connect to the interplanetary magnetic field
will result in the surface impact of particles with low pitch angles
and gyro diameters. A similar process produces aurorae on the
Earth (Zhang et al., 2007), Mars (Bertaux et al., 2005; Lundin
et al., 2006), and Jupiter (Bhardwaj and Gladston, 2000). Some of
the martian aurorae occur at clefts and boundaries between mag-
netic anomalies, and some even exhibit a sinuous appearance.

Previous inversions for the near-surface field strength at Reiner
Gamma found fields of P1000 nT (Hood et al., 1979) and !1000 nT

2 km 2 km

2 km 2 km

C

BA

D

Fig. 1. Dark lanes in lunar swirls (750 nm Clementine reflectance), indicated by arrows. (A) Mare Ingenii ("35.0!S, 163.2!E), (B) Mare Marginis (13.3!N, 84.4!E), (C) Reiner
Gamma swirl (7.5!N, 301.5!E), (D) region south of Reiner Gamma swirl ("1.0!S, 298.7!E).

I. Garrick-Bethell et al. / Icarus 212 (2011) 480–492 481
Swirls

and a similar, yet alternate magnetization to quantify the self-consistent plasma
interaction of these fields with the solar wind. In turn, we examine the charged par-
ticle surface weathering within the anomaly and compare to both the magnetic
topology and optical albedo images of Reiner Gamma for both cases. We describe
the model in Section 2 and compare results between the two different magnetiza-
tions in Section 3. We discuss the implications of our results with respect to the
possible sub-surface magnetization sources for Reiner Gamma and space weather-
ing processes in Section 4.

2. Model description

2.1. Plasma hybrid model

In order to model the solar wind interaction with the Reiner Gamma magnetic
anomaly, we have employed a three-dimensional, self-consistent plasma hybrid

model. This model has previously been used to study lunar plasma interactions
both at the global scale (Holmström et al., 2012; Fatemi et al., 2014; Poppe et al.,
2014) and on regional scales (Fatemi et al., 2015). The hybrid model tracks particle
ions at realistic proton mass and fluid electrons while solving Maxwell’s equations.
Plasma is injected from the upstream boundary with specified density, tempera-
ture, and flow speed, and is removed when striking the lunar surface. As the hybrid
model does not treat electrons as particles but rather as a fluid, we do not include
photoelectrons from the surface, nor do we include the accumulation of surface
charge from the solar wind plasma. This approximation is reasonable for modeling
the scale sizes of magnetic anomalies, as typical photoelectron Debye lengths are on
the order of meters (Poppe and Horányi, 2010), while the magnetic anomaly is on
the order of kilometers. Lunar crustal magnetic fields are included in the model
and are self-consistently solved along with the interplanetary magnetic field
(IMF). The model coordinate system is such that x̂ is anti-parallel to the solar wind
flow and ŷ and ẑ are both parallel to the surface. The model domain is
x ¼ ½#50;350$ km, y ¼ ½#480;480$ km, and z ¼ ½120;120$ km, with 10 km grid cell

Fig. 1. (a) Image NAC_ROI_REINRGAMHIA_E075N3009_20M of the Reiner Gamma swirl from the LROC instrument on-board LRO (Robinson et al., 2010). The dashed
rectangle denotes the region of interest modeled here and the red dashed lines depict the location and orientation of the modeled dipole lines. (b) The mean relative
brightness along the long axis of the rectangle from panel (a), with bright lobes and dark lanes denoted. (c–f) A depiction of the source magnetizations investigated in Cases 1
and 2, respectively. The upper panels show the undisturbed magnetic field trace at 80 km altitude, the middle panels show the undisturbed magnetic field trace at 20 km
altitude, and the lower panels show the field lines. Arrows underneath panels (c) and (f) denote the direction of magnetization for the buried lines of dipoles, as described in
the text. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

262 Note / Icarus 266 (2016) 261–266

Poppe et al., (2016) Siegler, Miller, Keane, et al., (2016)
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Future missions to airless bodies can characterize their 
local meteoroid environments with dust analyzers.



Probing the Structure of the Geminids±3 Orbits
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LDEX & UVS Data
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Removing Synodic Trends
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Neutral Generation due to Meteoroid Bombardment
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Ejecta Clouds at Near Earth 
Asteroids



NEA Dust Distribution
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Asteroidal Dust Cloud Size
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Asteroidal Flyby Geometry
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ABSTRACT 

Dust particles in the regoliths of planetary satellites, 
asteroids, and ring particles can become charged due to 
photoemission from solar ultraviolet photons, solar 
wind currents, and, in some cases, magnetospheric 
electrons. A surface potential is created on the surface 
of airless bodies in the solar system, such as the Moon, 
due to these same currents. This leads to a plasma 
sheath over the nighttime surface and a photoelectron 
layer over the daytime surface. Charged dust particles 
injected into this near-surface plasma environment are 
affected by the electrostatic force as well as gravity. 
This can lead to transport of dust and levitation of 
particles above the surface. Lunar electrostatic dust 
dynamics have been proposed for several observed dust 
phenomena [1-6]. Similar phenomena may play a role in 
the spokes of Saturn’s rings [7, 8] and in the formation 
of smooth deposits in the floors of some craters on the 
asteroid Eros as observed by the NEAR-Shoemaker 
spacecraft [9]. 
 
1. OBSERVATIONS 

Observations from the lunar surface by several of 
the Surveyor landers revealed a horizon glow over the 
western horizon shortly after sunset [3, 4, Figure 1]. An 
analysis of the geometry of these images and the 
calculated levitation heights and trajectories for charged 
dust suggest that these observed dust particles may be 
up to tens to hundreds of meters above the lunar surface. 

 
Figure 1. Observation of the Western horizon by the 
Surveyor 7 spacecraft shortly after sunset showing 
horizon glow. The glow is sunlight scattered by dust 
particles launched off the lunar surface by electrostatic 
forces.  
 

The Lunar Ejecta and Meteorites Experiment 
(LEAM) detected increased signals near sunset and 
sunrise that have been interpreted as lunar dust particles 
moving over the surface [1, 2]. While they may be 

levitating or partially suspended, levitation may not be 
required to explain the observations of lunar horizon 
glow and the impacts detected by LEAM. Rather, the 
particles may simply be on modified ballistic 
trajectories following electrostatic launching off the 
surface.  

The NEAR-Shoemaker spacecraft observed smooth 
flat deposits, called ponds, in the floors of medium-
sized craters. Observations are consistent with these 
deposits consisting of dust particles though they do not 
rule out cm-sized particles. These ponds are in 
topographic lows that are therefore also regions of 
changing illumination and shadowing over the course of 
an Eros day. The location of ponds is also correlated 
with latitude and local gravitational acceleration [10]. 
Electrostatic transport may be particularly effective near 
the terminator where strong local electric fields can be 
generated. The latitudinal distribution of ponds on Eros 
may be related to the high obliquity of Eros (89 degrees) 
and the particular illumination and shadowing history of 
craters at those latitudes. In addition to the ponds, 
regolith (possibly dusty) aprons were observed adjacent 
to some large boulders and ejecta blocks on the surface 
of the asteroid. Topography and shadowing may play a 
role in the accumulation of regolith in these areas. 
 
2. SIMULATIONS 

We simulate the trajectories of charged dust 
particles lifted off a dusty regolith, including 
gravitational and electrostatic forces as well as time-
dependent charging of the grains. We have expanded 
the two-dimensional model of Colwell et al. [9] to three 
dimensions. This allows us to simulate craters at 
arbitrary latitudes on an obliquely rotating object such 
as Eros throughout its orbital period. We integrate the 
equation of motion in the vertical direction, z, 

 
d 2z
dt 2  

Qd

md

E � g  (1) 

where Qd is the time-dependent charge of the grain, md 
is the grain mass, E is the spatially varying electric field 
due to the surface charge and the ambient plasma, and g 
is the local acceleration due to gravity. We give the dust 
particles an initial launch velocity from the surface that 
determines their constant horizontal velocity. At the 
moment we treat this as a free parameter, but in future 
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Estimates taken from McCoy, 1976; Glenar et al., 2011; 
Glenar et al., 2014; Feldman et al., 2014
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Lunar Sunrise Terminator
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LDEX Current and Econv Comparison (Orbit 603)
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Ejecta Rates from Regolith Bodies in the Solar System

Mercury Moons Asteroids Airless KBOs

Impactor Flux Model

Lunar response as a function of  
flux, velocity, angle, surface material
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Conclusions
• Lunar dust cloud is sensitive 

to changes in impactor flux. 

• A fit for the entire equatorial 
lunar dust density distribution 
is derived. 

• No evidence for 
electrostatically lofted dust 
from h = 3-250 km.  

• Similar processes take place 
on all airless bodies in the 
solar system.
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Density a > 0.3 µm 
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