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In spite of great scientific and engineering interests in lunar exploration, natural dust activity
near the Moon surface remains unclear. According to distinct reflectance features of lunar rocks and
regolith observed by Chang'E-3 mission, long-term dust activity near a young surface is quantified with a
new method. We found that a dust deposition upper line on rocks is about 28 cm above the ground. Below
this line, the quantity of dust deposits becomes smaller as the altitude ascends, whereas above the line, no
visible or only negligible amount of dust is distributed on the rocks. This dust distribution pattern could be
explained by dust electrostatic levitation process. The results indicate distinctively weak long-term dust
activity near the young surface and suggest possible selection of geologically young regions as landing sites
or lunar bases to minimize the effect of dust grains.

1. Introduction
Dust activity near the lunar surface is a major issue causing a series of problems for lunar explorations and
the relevant dust transport mechanism has been a controversial topic since the Apollo era. The first evidence
of dust transport is lunar horizon glow observed in Surveyor 5, 6, and 7 missions, which has been interpreted
as the forward scattering light from a cloud of micron-sized dust grains levitated <1 m above the surface
near the terminator (Colwell et al., 2007; Rennilson & Criswell, 1974). This explanation has been potentially
supported by other observations (Grün et al., 2011; McCoy, 1976; Severny et al., 1975), and the dust was
even reported to loft electrostatically to tens of kilometers height (McCoy, 1976; McCoy & Criswell, 1974;
Zook & McCoy, 1991). Although it has been found that the Moon is surrounded by a tenuous, permanently
present, and asymmetric dust cloud generated by the continual bombardment of meteoroids to the lunar
surface (Horányi et al., 2015), the dust density observed at orbit is much smaller than that near the lunar
surface where the dust electrostatic levitation plays an important role in the dust transport process (Szalay
et al., 2018; Xie et al., 2016).
So far, many modeling efforts (Piquette & Horányi, 2017; Poppe & Horányi, 2010; Poppe et al., 2012; Stubbs
et al., 2006) and laboratory experiments (Schwan et al., 2017; Wang et al., 2009, 2010, 2016) have been made
to study the dust electrostatic process, whereas the mechanism capable of generating sufficiently large electric field or dust grain charges to levitate micron-sized particles has not been clearly identified (Hartzell &
Scheeres, 2011; Szalay et al., 2018). Kimura et al. (2014) proposed that the formation of the water molecules
and silanols on the surface of the dielectric grains by the solar wind impacts is inevitable. It could change the
grain surface chemistry to conductive and then reduce the cohesion forces on the grains. This mechanism
as well as intense electric field is essential to electrostatic lofting of dust grains. In recent years, a “patched
surface charge” model (Schwan et al., 2017; Wang et al., 2016) has been proposed to account for such heavy
grains to be electrostatically levitated after attaining unexpectedly large negative charges. However, there
is still lack of direct unambiguous observational evidence of efficient electrostatic dust transport near the
surface on the Moon or on other airless bodies.
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Photometric measurements usually focus on the phase curve from which physical properties of lunar
regolith can be retrieved (Hapke, 2012; Hapke et al., 2012; Jin et al., 2015). Based on the distinct reflectance
features between lunar regolith and rocks discussed below, we propose a new method to survey the
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long-term dust activity on the geologically young surface and report probable new in situ dust electrostatic
transport observations from Chang'E-3 (CE-3) mission.

2. Instruments and Data
The CE-3 spacecraft successfully landed on the northern Mare Imbrium of lunar nearside on 14 December 2013 (UTC), then it released the Yutu rover to explore the lunar surface and subsurface near a young
450-m-diameter crater (Xiao et al., 2015). The rover traveled close to the rim of the crater and photographed
its distinct shapes and features using the Panoramic Cameras (PCAMs) mounted on the mast. Its traveling
path was illustrated in Figure 1 in Xiao et al. (2015). The PCAMs and their data products provided by the
payload team are introduced in Tan et al. (2014) and Wang et al. (2015) and briefly summarized below.
The two PCAMs, denoted by LPCAM and RPCAM for the left and the right PCAMs on the rover, respectively,
can rotate horizontally from 0◦ to 360◦ and vertically from −90◦ to 90◦ . They are separated by a 27-cm
baseline and the pixel size of the CCD is 7.4 μm (Tan et al., 2014). The pointing directions of PCAMs in
horizontal turn to each other by 1◦ (Wang et al., 2015), and this angle ensures the overlaps of image pairs
(an image pair include two frames taken by LPCAM and RPCAM when the rover at the same status). This
structure is designed to correctly calculate the positions of specific points near the lunar surface.
The PCAM data products provided by the payload team consist of three levels, Level 0, Level 1, and Level
2. The Level 0 data are the raw instrument data, and the Level 1 data are converted to digital number (DN).
The Level 2 data have three branches, L2A, L2B, and L2C. The L2A data are obtained from Level 1 data
after performing dark current subtraction, relative radiometric calibration and flat fielding correction using
calibration matrices measured in preflight experiments. The gain and exposure time of each frame were
recorded in header files. The L2B data add geometric information including camera center position, camera
rotation angles, solar incidence angle, solar azimuth angle, observational vectors of the center, and four
corner points. The L2C data are obtained from the L2B data by color calibrations.
In this study, we use the Level 2B data, specifically, the twelfth to fourteenth frames (denoted by C12, C13,
and C14, see Table S1 in the supporting information) taken in color mode on 13 January 2013 (UTC) when
the Yutu rover traveling to the vicinity of Loong rock (Xiao et al., 2015), to survey dust activity near the CE-3
landing site. The area near this photographing site can be regarded as the location undisturbed by the lander
rocket (Wu & Hapke, 2018). Each of those L2B frames contains 2,352 by 1,728 pixels divided into four bands
as the Bayer filter mosaic arrangement (Ren et al., 2014), namely, a red, a blue, and double green bands. The
bidirectional reflectance ratios in each pixel of the frames between every two of the red, the averaged green,
and the blue bands after performing linear interpolation are calculated to reveal the features of dust deposits
on rocks. Moreover, the image pairs are used to determine the altitudes of deposit portions on the rocks and
the phase angles in pixels of the frames are extracted to evaluate their influences on the reflectance ratio
variations.

3. Data Processing Method
In order to reduce the impact of different gains and exposure times of multiple images on the bidirectional
reflectance extraction, the DN values in each L2B frame we choose are divided by the working normalized
parameter, ACali , recorded in the header file, to normalize the brightness. Then using the absolute radiation
calibration coefficients measured in the preflight calibration experiments, we convert the DN values in each
frame to radiance, I, as
I=

DN
,
ACali · CRad

(1)

where CRad represents the absolute radiation calibration coefficient (Jin et al., 2015). It equals 5.9365 × 105
Sr·nm·m2 ·W−1 for the red band with center wavelength 640 nm, 5.1837 × 105 Sr·nm·m2 ·W−1 for the blue
band with center wavelength 470 nm, and 5.9796 × 105 and 5.8939 × 105 Sr·nm·m2 ·W−1 for the first and
second green bands with center wavelength 540 nm, respectively.
Next, we use the linear interpolation scheme to convert mosaic L2B frames and reduce the effect of different
incidence and emittance angle of mosaic frames. Since the PCAMs were not equipped with any calibration
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target, we use the solar irradiance to obtain bidirectional reflectance as
(Hapke, 2012).

r=

I
,
∫ J(𝜆)S(𝜆) d𝜆

(2)

where 𝜆, J(𝜆), and S(𝜆) = S0 (𝜆)∕ ∫ S0 (𝜆)d𝜆 denote wavelength, the solar
irradiance reaching the lunar surface (Gueymard, 2004), and the normalized response function of the sensor, respectively. Here S0 (𝜆) is the
original response function provided by the payload team in Ren et al.
(2014).
Finally, the ratios between every two of the red, the averaged green and
the blue bidirectional reflectance in each pixel can be obtained as BOR =
rblue ∕rred , BOG = rblue ∕rgreen , and GOR = rgreen ∕rred . The ratios BOR,
BOG, and GOR are treated as indicators showing the distributions of dust
deposited on the rocks in the vicinity of CE-3 landing site. In the following
discussion, we will show that these indicators are valid because of distinct
reflectance features between the rock and the soil regions.

Figure 1. Dust deposited on rocks observed in Apollo 17 and CE-3
missions. (a) On the Apollo 17 boulders (NASA AS17-140-21496). (b) On
the CE-3 boulders. A large quantity of dust is deposited on the Apollo 17
huge boulder, whereas much less amount of dust appear on the CE-3 rocks.

Combining the geometric parameters recorded in the header files of L2B
frames, we can use the image pairs to generate three-dimensional coordinates of porphyritic or other distinct textures of rocks taken by LPCAM
and RPCAM. The indistinct feature in the overlaps of the image pairs
could result in difficulty of matching all of the point pairs (Wang et al.,
2015; a point pair include two points, each of them coming from each
frame of an image pair and corresponding to an identical point on the
lunar surface). However, in our concerning regions, the point pairs can be
exactly matched in manual since the coarse granular or porphyritic textures of boulders are clearly visible and only several point pairs we used
in this study.

After matching a point pair, we compute the vertical distance from their
real-world counterpart to the LPCAM's focal plane according to the
PCAMs' relative positions and the pixel coordinates of these two points. Here the pixel coordinates denote
the pixel positions in the two-dimensional coordinate frames defined in the focal planes of PCAMs, whereas
the real world is the space in the three-dimensional rover coordinate frames. Then three-dimensional coordinates of the real-world point in the LPCAM coordinate system are obtained by triangles theorem and
converted to the rover coordinate system after performing coordinate transformation in terms of the location
and rotation angles of LPCAM.
In addition, using the observational vectors of the four corners in each frame, we can get the observational
vector of each pixel and convert it to an unit vector from its real-world counterpart to the camera. The vector
from the real-world counterpart of an image pixel to the Sun can be easily calculated with the known solar
incident angle and the solar azimuth angle, and then the phase angle, namely, the angle between these two
vectors, at the real-world point can be obtained by simple vector algebra.
According to the Lommel-Seeliger law (Hapke, 2012), the bidirectional reflectance can be described as
r = ASL 𝜇 0 f(𝛼)∕(𝜇 + 𝜇 0 ) approximately, where ASL is a constant and f(𝛼) is a function of phase angle 𝛼 . 𝜇 0
and 𝜇 denote cosines of the incident and emergence angles at the point, respectively. So the bidirectional
reflectance in each point generally depends on the solar incident angle, the emergence angle, and the phase
angle in this point. However, in our discussion, BOR, BOG, and GOR are calculated in each image pixel.
Thus, the variations of reflectance ratios mainly depend on the changes of the phase angles 𝛼 at different
points if they have identical material, because the influences of the solar incident angle and the angle of
emergence are eliminated after performing reflectance divisions in each point. We will discuss the influence
of phase angle on the reflectance ratios in the next section.

YAN ET AL.
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Figure 2. Rock and soil regions near CE-3 landing site. (a–c) Regions on the rocks in C12, C13, and C14 frames taken
by LPCAM on 13 January 2013. (d–f) White rectangle areas in (a)–(c). The R1, R2, and R3 are the three rock regions,
while S1 and S2 are two regions completely covered by lunar soil. White rectangles denote the statistic strips on the
rocks in R1, R2, and R3. The green rectangles in R1, R2, and R3 are statistic strips completely covered by lunar regolith
and each of them is considered as the reference statistic point in each rock region. The height of each blue point
represents corresponding strip's altitude. The red strips in R1, R2, and R3 denote the uppermost strips just below the
height of 28 cm.

4. Results and Analysis
The spatial distributions of dust deposits on the rocks photographed in CE-3 mission are quite different from
the observations in Apollo 17 mission (Figure 1). Figure 1a shows massive dust deposited on a huge boulder
with ∼3-m height at the landing site of Apollo 17, even on the top of this boulder. In addition, there are a
few small boulders wholly covered by the lunar dust in this area.
Comparatively, much less amount of dust is deposited on the rocks in the traversed area of the Yutu rover
(Figures 1b and S1–S3). The walls and the rim of the crater behind Loong rock are distinctly rocky where the
ejected boulders are irregular in shape and of various size ranging from centimeters to few meters tall and
wide. Only small boulders of a few centimeters height are covered by lunar dust, while the dust distribution
on relatively tall boulders only extends to a certain height. In addition, a great number of boulders show
clearly visible coarse granular or porphyritic textures and the uniform textures imply that compositions
within the surfaces of boulders photographed by the Yutu rover are probably homogeneous.
To quantify the deposits on the rocks at CE-3 landing site, we calculated the bidirectional reflectance of the
red, green and blue bands, and then the ratios between every two of them, that is, BOR, BOG, and GOR by the
method described above. Those ratios are treated as indicators showing the distributions of dust deposited
on the rocks in the vicinity of CE-3 landing site. We will show their validations in the following discussion.
4.1. Reflectance Ratios
We analyzed the reflectance features of three relatively smooth and approximately planar regions on rocks
(R1, R2, and R3 in Figure 2) and two regions on regolith (S1 and S2 in Figure 2) to obtain variations of dust
YAN ET AL.
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Figure 3. Comparison of BOR between the soil and rock regions. (a) Normalized BOR in S1 and R1. (b)
Normalized BOR in S2 and R3. (c) Phase angles in S1 and R1. (d) Phase angles in S2 and R3. The abscissa orders strips
from bottom to up in regions illustrated in Figures 2d and 2f. The bold solid red line in (a) and (b) denote the fitting
curves of the BOR as soil pattern and rock pattern. The soil pattern shows the BOR slightly and linearly decreases with
phase angle increasing. The rock pattern increase presents that the dust on the rocks affects the BOR variations. The
error bars denote the root mean square of the deviations of five around points to the fitting curves. The standard
deviations of horizontal strips are exhibited in Figure S5.

deposits on different parts of the rocks with different altitudes. The reflectance of a smooth and approximately planar region with almost the same solar incident angle in each point is less likely affected by the
surface topographies of the rocks. In each region on the rocks, three point pairs (Figures S1–S3) were chosen to calculate their real-world counterpart points and the slope of the plane determined by them. One of
the three real-world points was on the top of this region, and other two points were located at the bottom.
Along the line connecting midpoint of two bottom points and the top point we linearly divided 25 statistic
strips of the region in identical altitude intervals, each of the strips including 101 × 11 pixels. In each strip,
we first calculated the reflectance ratios BOR, BOG, and GOR in each pixel (pixel BOR, BOG, and GOR for
shortly) and then obtained their mean value to represent the reflectance ratios of this strip. The soil regions
(S1 in Figure 2d and S2 in Figure 2f) were used to quantify the differences of the soil and the rock reflectance
patterns. The pixel sizes of the soil strips were identical with that of the rock strips above.
Figure 2 shows that the soil strips (S1 and S2 in Figure 2) look dark and that some amount of dust is clearly
covered on the lower portions of rocks a few centimeter height. In order to compare the rock and the soil
reflectance ratios in statistic study, the following reflectance ratios in rock regions are normalized to the
regolith strip marked in green beneath each rock in R1 (Figure 2d), R2 (Figure 2e), and R3 (Figure 2f).
We compared the normalized BORs of the Soil Regions S1 and S2 with that of the Rock Regions R1 and R3
in Figure 3 to get two BOR variation patterns, namely, the soil and the rock patterns. The soil pattern shows
the normalized BOR varies as a linear function of phase angle in a small interval ∼4◦ . On assumption of the
uniform compositions in the two soil regions, this pattern only depends on phase angle. The rock pattern is
fitted as a function of the strip height above the ground as a + bh − ce−dh , where h denotes the strip height. a,
b, c, and d are the constants determined by the observations. For the R1 rock region, we get a = 1.071±0.004,
b = −0.031 ± 0.024, c = 0.071 ± 0.004, and d = 9.166 ± 1.202; for the R3 rock region, a = 1.080 ± 0.005,
b = −0.044 ± 0.039, c = 0.079 ± 0.005, and d = 5.924 ± 3.109. Since the phase angles of the rock strips
YAN ET AL.
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Figure 4. Variations of the reflectance ratios in rock regions. (a–c) Normalized BOR, BOG, and GOR in R1 (C12), R2
(C13), and R3 (C14) rock regions illustrated in Figures 2d–2f. Points in (a)–(c) correspond to the strips in R1, R2, and
R3. The first point of the curve in each region represents its soil strip (green strips in R1, R2, and R3). The heights of
statistic points in (a)–(c) are relative to the soil strip on the ground of each rock region. (d–f) Pixel BOR distributions of
the strips with distinct altitudes in each of R1, R2, and R3 regions. Color bar orders the strips from bottom to up in
each region. The long-term deposition upper line (dashed line) is of 28 cm above the ground.

vary in linear with the strip height h (Figures 3c and 3d), a + bh presents the effect of phase angle variations
on the normalized BOR of clear rocks with uniform compositions. The third term describes decrement of
the normalized BOR due to the dust coverage on the rocks. It declines exponentially with the strip height
increasing, which indicates the dust on the rocks decreases rapidly in this situation. The horizontal scans at
constant height above the surface in image C13 show that the ratios indeed trend with strip height (Figure
S4), suggesting that the reflectance ratio such as BOR (BOG and GOR as well) is effective to quantify the
dust deposits on the rock surfaces.
Figures 4a–4c show BOR, BOG, and GOR as the functions of the strip height from the ground in each rock
region. Normalized BOR shows larger variation than the normalized BOG and GOR due to the fact that
the response functions of the blue and the red bands are distinctly separated with a quite small overlap
between them (Ren et al., 2014). Overall, the normalized BOR in each of these three rock regions increases
by 7.0%, 7.5% and 6.0%, respectively, as the strip altitude increases from 0 to ∼40 cm, whereas the BOG and
the GOR ascend by ∼2.0–4.0% (Figures 4a–4c). However, the growth of BOR in each region levels off and
the reflectance ratios fluctuate around steady values without further apparent augmentations as the strip
altitude ascends beyond ∼28 cm. In details, the final steady ratios increase by ∼6.0%, 7.0%, and 5.5% for
the normalized BOR in R1, R2, and R3 rock regions, respectively, whereas the normalized BOG and GOR
increase by ∼2.0–4.0%, comparatively small. It is noted that the error bars of the strips are presented in
Figure S6.
In each rock region, since BOR is more sensitive than BOG and GOR with the strip altitude increasing, and
the general ascending trends of them are quite similar except few augmentations, we only show the pixel
BOR distribution of each strip with different altitudes in each rock region (Figures 4d–4f). The distribution
shows that the deviation of the pixel BOR in each regolith strip is small, while the pixel BOR in the rock
strips are more dispersive as the altitude increases. However, that more pixel BOR values fall into the high
range of the reflectance ratio results in the enhancements of BOR in the rock strips.
YAN ET AL.
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The features of the reflectance ratios reflect distributions of dust deposited on the rocks. According to the
above results, the area with clear rock properties has large standard deviations of BOR, BOG, and GOR may
be due to the coarse granular or porphyritic textures. Since the reflectance ratios and deviations of regolith
area are relatively small, the increases of the BOR, BOG, and GOR below ∼28 cm can be explained by the
fact that the amount of dust deposited on the rocks becomes less as the altitude ascends. In addition, the
reflectance ratios level off with small fluctuations after the altitude ascending beyond ∼28 cm due to the
lack of apparent variation of the quantity of dust deposits above such height.
4.2. Dust Deposition Mechanism
The dust deposition height is consistent with Surveyor 5, 6, and 7 observations (Colwell et al., 2007; Rennilson & Criswell, 1974) and the experimental results in Wang et al. (2016). Those show that the lunar dust can
be electrostatically levitated less than 1 m above the ground. Thus, the dust deposition features observed
by Yutu rover are inferred to be caused by the electrostatic levitation and transport of the lunar dust near
the rocks.
It is noted that Wang et al. (2016) used Mars simulates for their experiments. Mars simulates contain considerable amount of water. Therefore, their model could be also attributed to the mechanism proposed by
Kimura et al. (2014). The dust lofting at CE-3 landing site may be also attributed to the formation of the layer
of water molecules and/or silanols on the grain surface by the solar wind impacts.
It has also been reported that the Moon is surrounded by a tenuous, permanently present and asymmetric
dust cloud, which is generated by the continual bombardment of meteoroids to the lunar surface (Horányi
et al., 2015). The ejecta cloud generated by this process extends to few hundreds kilometers height, then the
dust rains fall back down onto the surface with large velocities (Szalay & Horányi, 2016). Their dust density
distribution has exponential form as a function of height with a scale height ∼200 km (Szalay & Horányi,
2016). If the meteoroid bombardment plays a major role in the dust deposition on the rocks, falling dust may
cover the flat surface on top of the rocks. However, no dust deposition is visible on top of the rock surface
(see Figures 1b and S1–S3). Thus, it is impossible that the dust distribution feature on the rocks at CE-3
landing site is mainly generated by the meteoroid bombardment.
Another process capable of inducing the reflectance ratio variations is space weathering that largely depends
on the fluxes of charged particles and high-energy photons. We chose three rock regions as smooth as possible to reduce the weathering effect differences at different height on the rocks. Almost the same normal
angles of portions of each smooth surface ensure the constant fluxes of the charged particles and high-energy
photons across the chosen rock surfaces. Moreover, the BOR variations of Rock Regions R1 and R3 mainly
depend on the term ce−dh that is more likely to connect with the amount of dust on the rock surfaces
(Figure 3). In addition, on the lower portions of the rocks dust can be clearly seen (Figures 2d–2f). Those
analyses indicate that weathering mechanism is not a good explanation.
The features of dust deposits on the rocks observed in CE-3 mission are the results of long-term accumulative
process. The traversed area of Yutu rover was wholly restricted within the continuous ejecta deposits of the
western crater formed ∼27–80 million years ago, and the age is significantly young, compared with most of
the landing sites of Apollo and Luna missions (Xiao et al., 2015). About 20 million years ago, the boulders
near Apollo 17 landing site were dislodged from the source outcrop on the North Massif wall and settled
at the base of this massif (Hurwitz & Kring, 2016). Thus, the exposure ages of these Apollo 17 boulders at
the base are comparable to the ages of the rocks near CE-3 landing site. The rock fragments on the slope
of the Apollo 17 huge boulder (Figure 1a) indicate that much more deposits on Apollo 17 boulders than
that on the CE-3 boulders are possibly due to the mutual effects of dust electrostatic transport, long-term
micrometeorite bombardment, meteoroid impacts, and space weathering process.
Since the reflectance ratios level off as the strip altitude ascend beyond ∼28 cm in three rock regions with
distinct slopes (Figures 4 and S1–S3), and the pixel BOR distributions in the strips beyond ∼28 cm are quite
similar in the same region, we infer that a long-term deposition upper line of ∼28 cm above the ground
nearby exists on the rocks in the vicinity of the CE-3 landing site. Above this line, negligible amount of dust
accumulation has occurred that might affect the reflectance. Below the line, the micron-sized and smaller
dust grains could be electrostatically lofted and transported onto the rocks. This discovery implies that the
dust around CE-3 landing site is levitated mostly below ∼28 cm above the ground because it should be visible
if fractions of the dust were levitated above the upper line after ∼27–80 million years long-term accumulative
YAN ET AL.
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deposition. It also can be inferred that similar long-term deposition upper lines at different altitudes probably
exist in other regions with different geological ages on the Moon or other airless bodies.

5. Conclusions
The distinct reflectance features of the rocks and regolith observed by CE-3 mission are used to investigate the long-term dust activity near the young lunar surface photographed by the Yutu rover. A probable
long-term deposition upper line on the rocks in this area is found to be ∼28 cm above the ground. Below
this line, the quantity of dust deposits becomes smaller as the altitude ascends, whereas above the line, no
visible or only negligible amount of dust is distributed on the rocks. This dust distribution pattern could be
explained by dust electrostatic levitation process. Compared with the dust distribution on the rocks around
Apollo 17 landing sites, the results indicate distinctively weak long-term dust activity near the significantly
young lunar surface and suggest the presences of diversities of dust activities which probably depend on the
distinct surface processes and local topographies on the Moon. This study provides possible selection criteria
of geologically young regions as landing sites or lunar bases to minimize the effect of dust grains. Long-term
deposition upper lines with different altitudes probably exist in other regions with different geological ages
on the Moon or on other airless bodies.
Acknowledgments
All the authors acknowledge support
of the Science and Technology
Development Fund (FDCT) of Macau
(Grants 020/2014/A1, 008/2017/AFJ,
119/2017/A3, and 0042/2018/A2) and
the National Natural Science
Foundation of China (Grant
11761161001). L. Xie acknowledges
support of the National Natural
Science Foundation of China (Grant
41704167). The authors acknowledge
the reviewers for the suggestions of
control measurements and discussions
about dust transport mechanism. All
the Chang'E-3 data used in this work
(Tables S1 and S2) can be obtained from
the http://moon.bao.ac.cn/ website.
The image NASA AS17-140-21496 is
available online (https://www.hq.nasa.
gov/alsj/a17/AS17-140-21496.jpg).

YAN ET AL.

References
Colwell, J. E., Batiste, S., Horányi, M., Robertson, S., & Sture, S. (2007). Lunar surface: Dust dynamics and regolith mechanics. Reviews of
Geophysics, 45, RG2006. https://doi.org/10.1029/2005RG000184
Grün, E., Horanyi, M., & Sternovsky, Z. (2011). The lunar dust environment. Planetary and Space Science, 59(14), 1672–1680. https://doi.
org/10.1016/j.pss.2011.04.005
Gueymard, C. A. (2004). The Sun's total and spectral irradiance for solar energy applications and solar radiation models. Solar Energy,
76(4), 423–453. https://doi.org/10.1016/j.solener.2003.08.039
Hapke, B. (2012). Theory of reflectance and emittance spectroscopy (2nd ed.). Cambridge: Cambridge University Press. https://doi.org/10.
1017/CBO9781139025683
Hapke, B., Denevi, B., Sato, H., Braden, S., & Robinson, M. (2012). The wavelength dependence of the lunar phase curve as seen by the
Lunar Reconnaissance Orbiter wide-angle camera. Journal of Geophysical Research, 117, E00H15. https://doi.org/10.1029/2011JE003916
Hartzell, C. M., & Scheeres, D. J. (2011). The role of cohesive forces in particle launching on the Moon and asteroids. Planetary and Space
Science, 59(14), 1758–1768. https://doi.org/10.1016/j.pss.2011.04.017
Horányi, M., Szalay, J. R., Kempf, S., Schmidt, J., Grün, E., Srama, R., & Sternovsky, Z. (2015). A permanent, asymmetric dust cloud around
the Moon. Nature, 522, 324–326. https://doi.org/10.1038/nature14479
Hurwitz, D., & Kring, D. A. (2016). Identifying the geologic context of Apollo 17 impact melt breccias. Earth and Planetary Science Letters,
436, 64–70. https://doi.org/10.1016/j.epsl.2015.12.032
Jin, W., Zhang, H., Yuan, Y., Yang, Y., Shkuratov, Y. G., Lucey, P. G., et al. (2015). In situ optical measurements of Chang'E-3 landing
site in Mare Imbrium: 2. Photometric properties of the regolith. Geophysical Research Letters, 42, 8312–8319. https://doi.org/10.1002/
2015GL065789
Kimura, H., Senshu, H., & Wada, K. (2014). Electrostatic lofting of dust aggregates near the terminator of airless bodies and its implication
for the formation of exozodiacal disks. Planetary and Space Science, 100, 64–72. https://doi.org/10.1016/j.pss.2014.03.017
McCoy, J. (1976). Photometric studies of light scattering above the lunar terminator from Apollo solar corona photography, Lunar and
planetary science conference proceedings (Vol. 7, pp. 1087–1112). New York: Pergamon Press, Inc.
McCoy, J., & Criswell, D. R. (1974). Evidence for a high altitude distribution of lunar dust, Lunar and planetary science conference
proceedings (vol. 5, pp. 2991–3005). New York: Pergamon Press, Inc.
Piquette, M., & Horányi, M. (2017). The effect of asymmetric surface topography on dust dynamics on airless bodies. Icarus, 291, 65–74.
https://doi.org/10.1016/j.icarus.2017.03.019
Poppe, A., & Horányi, M. (2010). Simulations of the photoelectron sheath and dust levitation on the lunar surface. Journal of Geophysical
Research, 115, A08106. https://doi.org/10.1029/2010JA015286
Poppe, A., Piquette, M., Likhanskii, A., & Horányi, M. (2012). The effect of surface topography on the lunar photoelectron sheath and
electrostatic dust transport. Icarus, 221(1), 135–146. https://doi.org/10.1016/j.icarus.2012.07.018
Ren, X., Li, C. L., Liu, J. J., Wang, F. F., Yang, J. F., Liu, E. H., et al. (2014). A method and results of color calibration for the Chang'e-3
terrain camera and panoramic camera. Research in Astronomy and Astrophysics, 14(12), 1557–1566.
Rennilson, J. J., & Criswell, D. R. (1974). Surveyor observations of lunar horizon-glow. The Moon, 10(2), 121–142. https://doi.org/10.1007/
BF00655715
Schwan, J., Wang, X., Hsu, H. W., Grün, E., & Horányi, M. (2017). The charge state of electrostatically transported dust on regolith surfaces.
Geophysical Research Letters, 44, 3059–3065. https://doi.org/10.1002/2017GL072909
Severny, A. B., Terez, E. I., & Zvereva, A. M. (1975). The measurements of sky brightness on lunokhod-2. The Moon, 14(1), 123–128. https://
doi.org/10.1007/BF00562978
Stubbs, T. J., Vondrak, R. R., & Farrell, W. M. (2006). A dynamic fountain model for lunar dust. Advances in Space Research, 37(1), 59–66.
https://doi.org/10.1016/j.asr.2005.04.048
Szalay, J. R., & Horányi, M. (2016). Lunar meteoritic gardening rate derived from in situ LADEE/LDEX measurements. Geophysical
Research Letters, 43, 4893–4898. https://doi.org/10.1002/2016GL069148
Szalay, J. R., Poppe, A. R., Agarwal, J., Britt, D., Belskaya, I., Horányi, M., et al. (2018). Dust phenomena relating to airless bodies. Space
Science Reviews, 214(5), 98. https://doi.org/10.1007/s11214-018-0527-0
Tan, X., Liu, J. J., Li, C. L., Feng, J. Q., Ren, X., Wang, F. F., et al. (2014). Scientific data products and the data pre-processing subsystem of
the Chang'e-3 mission. Research in Astronomy and Astrophysics, 14(12), 1682–1694.

9412

Geophysical Research Letters

10.1029/2019GL083611

Wang, X., Horányi, M., & Robertson, S. (2009). Experiments on dust transport in plasma to investigate the origin of the lunar horizon glow.
Journal of Geophysical Research, 114, A05103. https://doi.org/10.1029/2008JA013983
Wang, X., Horányi, M., & Robertson, S. (2010). Investigation of dust transport on the lunar surface in a laboratory plasma with an electron
beam. Journal of Geophysical Research, 115, A11102. https://doi.org/10.1029/2010JA015465
Wang, W., Ren, X., Wang, F., Liu, J., & Li, C. (2015). Terrain reconstruction from Chang'e-3 PCAM images. Research in Astronomy and
Astrophysics, 15(7), 1057–1067.
Wang, X., Schwan, J., Hsu, H. W., Grün, E., & Horányi, M. (2016). Dust charging and transport on airless planetary bodies. Geophysical
Research Letters, 43, 6103–6110. https://doi.org/10.1002/2016GL069491
Wu, Y., & Hapke, B. (2018). Spectroscopic observations of the Moon at the lunar surface. Earth and Planetary Science Letters, 484, 145–153.
https://doi.org/10.1016/j.epsl.2017.12.003
Xiao, L., Zhu, P., Fang, G., Xiao, Z., Zou, Y., Zhao, J., et al. (2015). A young multilayered terrane of the northern Mare Imbrium revealed
by Chang'E-3 mission. Science, 347(6227), 1226–1229. https://doi.org/10.1126/science.1259866
Xie, L., Zhang, X., Zheng, Y., & Guo, D. (2016). Solar wind-generated current in the Lunar Dust Experiment. Geophysical Research Letters,
43, 3662–3669. https://doi.org/10.1002/2016GL068640
Zook, H. A., & McCoy, J. E. (1991). Large scale lunar horizon glow and a high altitude lunar dust exosphere. Geophysical Research Letters,
18(11), 2117–2120. https://doi.org/10.1029/91GL02235

YAN ET AL.

9413

