
1. Introduction
Lunar dust, because of its adherence and abrasive properties, is prone to damaging spacesuits and instru-
ments, as well as reducing visibility during landing, and thus poses a hazard to lunar exploration (Good-
win, 2002). Surface electric fields and dust transport on the Moon's surface could also compromise future 
astronomical observations from the Moon (Stubbs et al., 2007). It is therefore vital to study this dust envi-
ronment in order to develop solutions for dust-related problems.

Furthermore, characterizing the dust density at different altitudes above the Moon's surface can reveal the 
amount of dust that gets ejected from the surface and thus clarify dust transport on airless planetary bodies 
(Wang et al., 2016). Dust above airless bodies can be naturally lofted by micro-meteoroid impacts (Popel 
et al., 2016). However, some dust grains could also be levitated above the Moon's surface by electrostatic 
forces (Colwell et al., 2009; Orger et al., 2018). Furthermore, future missions to the surface can loft signifi-
cant amounts of dust (Immer et al., 2011; Lane & Metzger, 2012; Metzger, 2020) and so understanding the 
current dust environment can provide a useful baseline for its dynamics and distribution.

Information about the lunar dust exosphere comes both from remote sensing (Glenar et al., 2011, 2014; 
Feldman et al., 2014; McCoy, 1976; Rennilson & Criswell, 1974) and in situ observations (Berg, 1978; Grün 
et al., 2011; Szalay & Horányi, 2015). Remote sensing observations include excess brightness measurements 
in the photometrically calibrated coronal photography and the visual observations of extended lunar hori-
zon glow by Apollo 17 astronauts, which were attributed to forward scattering of sunlight by dust particles 
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(McCoy, 1976). A reanalysis of the Apollo observations by Glenar et al. (2011) concluded that this dust cloud 
would extend into shadow a distance between 100 and 200 km from the terminator. More recently, faint 
signals in some of the images from the Clementine navigational star tracker measurements were matched 
to a dust exosphere with a dust column of about 5–30  cm−2 and scale heights of 3 and 12  km (Glenar 
et al., 2014). Dust within a few kilometers of the surface is probably undetectable in these measurements 
since it corresponds to a small part of the pixel's field of view. The Lyman-Alpha Mapping Project far ultra-
violet spectrograph on the Lunar Reconnaissance Orbiter (LRO) has estimated upper limits for vertical dust 
column at less than 10 grains cm−2 of 0.1 μm size (Feldman et al., 2014). These far-ultraviolet measurements 
were within the wavelength range 170 and 190 nm and could probe altitudes down to about 10 km, limited 
by shadowing. Closer to the surface, light from very low-altitude dust was observed by each of the Surveyor 
7, 6, and 5 landers along the western lunar horizon following local sunset (Rennilson & Criswell, 1974).

In situ measurements of lunar dust include data from the Lunar Ejecta and Meteorite (LEAM) Experiment 
deployed by Apollo 17, which registered a multitude of unexpected hits during lunar sunrise and sun-
set, possibly caused by slow moving and highly charged dust grains transported across the lunar surface 
(Berg, 1978; Grün et al., 2011). LEAM events are consistent with the sunrise/sunset–triggered levitation 
and transport of slow moving, highly charged lunar dust particles (Colwell et al., 2007) indicating that the 
amount of lunar dust varies with local time. More recently, the LDEX experiment on board the LADEE 
spacecraft observed an extremely tenuous asymmetric dust cloud around the Moon with peak densities 
around 0.004–0.005 m−3 near the dawn terminator for a grain size threshold of 0.3 μm extending hundreds 
of kilometers above the Moon's surface (Horányi et al., 2015). This instrument also reported an upper limit 
of 100 m−3 on the dust density of particles larger than 0.1 μm in the altitude range of ≃3–250 km for a pu-
tative population of electrostatically lofted dust (Szalay & Horányi, 2015).

In this study, we analyze the spectra obtained by LADEE's Ultraviolet-Visible Spectrometer (UVS). The UVS 
made a series of Almost Limb observations from a spacecraft altitude of about 20 km of the lunar sunrise 
terminator at different locations and times shown in Table 1. The observation geometry during the Almost 
Limb activities enables us to probe the Moon's dust atmosphere at altitudes ranging between 1 and 10 km 
above the surface. These data probe lower altitudes than any of the prior remote sensing observations from 
orbiting spacecraft, and even reach below the lowest reported altitudes sensed by the LDEX instrument. 
Therefore, we aim to constrain whether there is any additional population of dust between 1 and 10 km of 
the surface beyond the dust cloud seen by LDEX. Given that the nature of the low-altitude dust populations 

Observed Sub-Solar Sub-Earth

Filename Mid time Latitude Longitude Longitude Longitude

1836A Apr 01, 2014 22:40:16 24.33° 58.43° 157.88° 5.54°

1840A Apr 02, 2014 08:10:22 24.19° 53.63° 153.65° 5.58°

1847A Apr 03, 2014 03:10:28 23.82° 44.07° 143.37° 5.48°

1873A Apr 05, 2014 23:13:22 23.00° 9.73° 108.76° 3.53°

1875A Apr 06, 2014 04:52:56 23.13° 6.83° 105.88° 3.28°

1880A Apr 06, 2014 18:05:14 23.51° 0.06° 99.17° 2.67°

1882A Apr 06, 2014 21:51:26 23.62° 358.12° 97.25° 2.48°

1889A Apr 07, 2014 14:50:09 24.16° 349.38° 88.63° 1.63°

1901A Apr 08, 2014 21:01.12 24.94° 333.87° 73.29° 0.04°

1918A Apr 10, 2014 14:31:13 24.86° 317.77° 52.23° −2.05°

1929A Apr 11, 2014 20:42:35 25.37° 303.42° 36.91° −3.35°

1956A Apr 14, 2014 17:20:29 22.82° 269.43° 2.11° −5.06°

1969A Apr 16, 2014 11:58:26 24.26° 247.64° 340.50° −5.09°

1987A Apr 17, 2014 21:20:19 24.85° 230.67° 323.60° −4.57°

Table 1 
Almost Limb Activities Used in This Analysis
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seen by surface observations like LEAM and Surveyor are still uncertain, we will derive empirical limits on 
this dust population for a range of possible particle populations.

Section 2 below describes how we processed the Almost Limb data to obtain the tightest limits on potential 
dust populations. Note that these data contain a fluctuating signal that is inconsistent with a dust atmos-
phere whose density declines with altitude. We, therefore, apply a spectral filter to eliminate these fluctua-
tions and isolate signals that can be used to set constraints on the dust atmosphere. We then compare these 
filtered spectra to the expected signals from various dust populations obtained using a Fraunhofer-diffrac-
tion model in order to derive upper limits on the dust particle densities. These constraints are summarized 
in Section 3 and compared with prior limits on the low-altitude dust atmosphere.

2. Methods
The process by which we constrain the dust populations above the Moon's surface from the UVS Almost 
Limb data has multiple steps, which are described in detail below. Section 2.1 gives a brief description of 
the UVS instrument and describes in detail the Almost Limb activities and their geometry. Section 2.2 then 
describes how the spectra are processed to isolate the dust signal. Section 2.3 next discusses how we produce 
predicted spectra for various dust densities and particle size distributions using a Fraunhofer diffraction 
model. Finally, Section 2.4 describes how we compared our modeled spectra with the spectra obtained by 
the UVS instrument in order to constrain dust densities above the surface.

2.1. UVS Almost Limb Observations

The LADEE-UVS instrument is described in detail in Colaprete et al. (2014), but for the sake of complete-
ness we review some of its properties here.

This instrument observes light with wavelengths between 250 and 800 nm over a 1-degree field of view via a 
catadioptic telescope that is coupled by a fiber-optic cable to a spectrometer with a spectral resolution of λ/
Δλ ∼ 900 at 500 nm. The spectrometer disperses this light onto a 1,044×64 (1,024×58 active) pixel detector 
CCD array. Each column of pixels is binned within the detector, delivering a 1×1,044 pixel spectrum. The 
raw signals recorded by the instrument are processed by standard pipelines in four steps: dark and bias cor-
rection, normalization by integration time, second order grating effects correction, and finally the radiance 
calibration. Each calibrated spectrum recorded by LADEE-UVS therefore contains 1,024 active records of 
radiance in units of W m−2 nm−1 sr−1. However, when considering the light scattered by solid material like 
dust or the Moon's surface, it is more useful to instead consider reflectance, which is typically expressed 
in terms of the unitless ratio I/F, where I is the intensity of the scattered radiation and F is the solar flux 
density (solar flux divided by π). Hence for this investigation we converted the UVS radiance data to I/F 
values using a standard solar spectrum (Mecherikunnel & Richmond, 1980) at 1024 wavelengths ranging 
from 229.26 to 812.55 nm.

The LADEE mission executed science observations in lunar orbit spanning 2013 Oct 16 - 2014 Apr 18. Over 
the duration of the LADEE mission, UVS executed 1890 activities, collecting over 1 million spectra. During 
the last month of the mission, the UVS instrument obtained 15 so-called “Almost Limb” observations as 
the spacecraft lowered its altitude before crashing into the surface. These observations will be the exclusive 
focus of this study.

The 14 Almost Limb activities included in this analysis are summarized in Table 1 (One Almost Limb ac-
tivity, designated 1855A, did not contain any useful data and is therefore omitted from this analysis). The 
duration for each of these activities was approximately 8 min Table 1 also shows the latitude and longitude 
of the point where the telescope's line of sight first intersected the Moon's surface during the course of each 
observation.

During each Almost Limb activity, the spacecraft flies over the Moon on a retrograde orbit at an approxi-
mately constant altitude while the telescope points in a fixed direction relative to the Sun, so that the tele-
scope stares at a fixed location in the sky 12° away from the Sun that crosses the limb shortly after the Sun 
sets. Figure 1 is a 2D projection of the observation geometry in a plane containing UVS line of sight and 
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the Lunar center. This type of observation allows the faint signals from dust near the Moon's surface to be 
cleanly isolated from other astronomical signals like zodiacal light.

Zodiacal light is a diffuse signal created by sunlight scattered off of interplanetary dust (Lasue et al., 2020; 
Leinert et al., 1998; Stubbs et al., 2007) that is often a significant background for remote-sensing searches 
for lunar dust (Feldman et al., 2014; Stubbs et al., 2010). The brightness of zodiacal light relative to Lunar 
Dust is expected to be lower at the ultra-violet wavelengths observed by LADEE-UVS than it is at visible 
wavelengths (Stubbs et al., 2010), but it cannot be completely neglected. Fortunately, during each Almost 
Limb activity LADEE-UVS stares at a single point in the sky that is nearly fixed relative to both the Sun 
and distant stars (the apparent motion of the Sun being negligible over the few minute duration of a typical 
observation). The signals from zodiacal light and other astronomical backgrounds therefore should remain 
constant over the course of each observation. By contrast, the signal from dust should increase as the line-
of-sight approaches the Moon's surface, producing a time-variable signal that can be cleanly separated from 
such constant backgrounds.

2.2. Spectral Filtering

Initial looks at the LADEE-UVS Almost Limb data revealed signal fluctuations that were inconsistent 
with the model of a uniform dust atmosphere. The signal from dust is expected to be broadband (Stubbs 

Figure 1. Illustrations of the Almost-Limb observation geometry using a 2D projection of the geometry in the plane containing the Ultraviolet and Visible 
Spectrometer, the line of sight and the lunar center. Note the Moon is not shown to scale in these diagrams. (i) Definitions of relevant geometrical parameters 
(see also Appendix A). The black dashed line represents the line-of-sight of the telescope, ϵ1 and a (x, t) are the Sun's elevation angle at that position and the 
height above the surface for any point lying on the field of view, respectively. T marks the Terminator point, S is the position on the surface directly below the 
spacecraft, A is where the telescope's line of sight gets closest to the lunar surface, and B is the point where the line of sight crosses into the shadowed region. 
Figures (ii), (iii), and (iv) show how the geometry changes over the course of the Almost Limb activity. During this activity the telescope moves around the 
Moon, so its line of sight approaches and crosses the limb shortly after the Sun sets. At the end of the Almost Limb activity the telescope field of view, which 
points at the fixed direction relative to the Sun, intercepts the Moon's unlit surface.
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et al., 2010; Van de Hulst, 1957) so we calculated the average of reflectance values for wavelength ranges 
of width 50 nm from 250–300 to 650–700 nm (Wavelengths shorter/longer than the above range have not 
been considered for this analysis because their signal-to-noise ratio was poor.) Figure 2 shows the resulting 
average I/F values for the Almost Limb activity 1969A after the Sun sets. The vertical black line on the plot, 
denotes the point (tV) when the telescope's line of view meets the Moon's surface. An offset has been added 
to the spectral channels to view each wavelength signal distinctively.

The signals in Figure 2 do not show any obvious trends with altitude above the limb that would be expected 
from exospheric dust. Instead, the signals contain fluctuations that persist beyond the point when the tele-
scope is viewing the unlit part of the lunar surface. This is not consistent with any dust atmosphere, which 
would produce a signal that increases with decreasing altitude above the limb and then disappear when the 
telescope starts viewing the unlit surface.

The origins of these fluctuations are still unknown. The signal fluctuations seen in Figure 2 have a similar 
shape in all the frequency bands, so they likely have a common source with a distinct broad-band spectrum. 
However, since the spacecraft is in shadow and viewing the dark side of the Moon for part of the time the 
spacecraft sees these signals (cf. Figure 1), it seems unlikely that they represent fluctuations in the amount 
of light entering the instrument. Likewise, these signals also do not show any correlation with variations in 
instrument parameters like the target and detector temperature, so they cannot be clearly associated with 
something internal to the instrument.

Regardless of their origin, these fluctuations obscure the signal from the dust atmosphere. Fortunately, 
these variations have a different spectrum from dust, and so we can use spectral filtering techniques to 
remove these variations and isolate potential dust signals in order to constrain any real signals from low-al-
titude dust.

Let us assume that the total signal Si in a wavelength channel i in Figure 2 is a combination of a dust signal 
Di and the varying signal Vi, both of which change with time such that,

𝑆𝑆𝑖𝑖(𝑡𝑡) = 𝐷𝐷𝑖𝑖(𝑡𝑡) + 𝑉𝑉𝑖𝑖(𝑡𝑡). (1)

Figure 2. Unfiltered I/F values for different wavelength ranges as recorded by the Ultraviolet and Visible Spectrometer 
instrument on board Lunar Atmosphere and Dust Environment Explorer during the Almost Limb activity, 1969A. An 
offset has been added to these values to view the various wavelength ranges distinctly. The vertical black line on the 
plot denotes the point (tV) when the telescope's line of view hits the Moon's surface. The fluctuations in the signal level 
persist even after the telescope's field of view crosses the Moon's terminator, indicating that these fluctuations are likely 
instrumental artifacts.
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The key thing to note is that any spectrum beyond the point of time, tV at which the line of view hits the 
surface is entirely due to Vi(t) such that, Si(t > tV) = Vi(t > tV). If the fluctuating signal has a fixed spectrum, 
then the value of Vi(t >  tV) at any single wavelength should be a linear function of the average value of 
Vi(t > tV) over all wavelengths (i.e., � (� > �� )  = ∑iVi(t > tV)/N, where N is the number of wavelength bands). 
Figure 3 shows the varying background, Vi(t > tV) for each wavelength range, i plotted against the average 
background, � (� > �� ) for the complete wavelength range (250–700 nm) for the Almost Limb activity 1969A 
and considering only times t > tV. This plot confirms that the signal at each wavelength is indeed propor-
tional to the average signal over all wavelengths. We therefore perform a linear fit to the values of Vi(t > tV) 
in each spectral channel i as a function of the mean signal � (� > �� ) and use the slope and offset of these fits 
(𝐴𝐴 𝐴𝐴𝑉𝑉𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑉𝑉𝑖𝑖 ) to derive the following estimates of Vi(t) at each wavelength:

��,���(�) = ���� (�) + ��� . (2)

Figure 4 shows the derived values of 𝐴𝐴 𝐴𝐴𝑉𝑉𝑖𝑖 as a function of wavelength, which is essentially the normalized 
spectrum of Vi. The spectrum of this signal is clearly different from the spectrum of the expected dust signal 
(derived in Section 2.3), so it should be possible to remove Vi without completely removing the dust signal. 
Specifically, consider the following quantity:

��,���(�) = ��(�) − ����(�) − ��� (3)

where � =
∑

� ��(�)∕� , and 𝐴𝐴 𝐴𝐴𝑉𝑉𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑉𝑉𝑖𝑖 are the same slope and intercept parameters from Equation 2 derived 
from the data obtained at times t > tV. If we insert Si(t) = Di(t) + Vi(t) into this expression, we obtain:

��,���(�) = ��(�) + ��(�) − ����(�) − ���� (�) − ��� (4)

where �(�) =
∑

� ��(�)∕� . Provided that Vi,est(t) is a good estimate of Vi(t) both before and after tV, the terms 
involving Vi(t) and � (�) will cancel, leaving

��,���(�) = ��(�) − ����(�). (5)

Figure 3. The varying signal, Vi(t > tV) for each wavelength band in the Almost Limb activity 1969A plotted against 
the average signal, � (� > �� ) over the whole wavelength range (250–700 nm). Note the strong correlations between each 
individual spectral channel and the average signal.
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The quantity Di,est should therefore not contain any contamination from the fluctuating instrument signal, 
at the cost of the dust signal being attenuated by a predictable factor. (In practice, we also need to remove a 
small number of data points that are large outliers to the mean trends, which we do by excluding any data 

where Si(t) is more than 3σ from its mean value in any of the wavelength 
bands.)

The filtered signal Di,est(t) for observation 1969A is shown in Figure  5 
and indeed the fluctuations are much reduced, as desired. The results 
of applying this filtering technique to the other Almost Limb activities 
are shown in Appendix B. In all cases, the fluctuations are significantly 
reduced.

When we apply this filtering technique to the first Almost Limb activities, 
we observe an interesting phenomenon that further illustrates this tech-
nique can reveal real signals in the data. Figure 6 shows an example of 
the results from processing one of these earlier observations (1840A). In 
this case, the filtered signal shows a clear brightness change at the limb 
crossing time tV, with the signals at short wavelengths becoming more 
negative while those at long wavelengths become more positive. Since 
these signals do not change with altitude above the limb, these are prob-
ably not real dust signals. Instead, they are almost certainly due to Earth-
shine, which causes the surface of the Moon to be slightly brighter than 
the background sky. Earthshine is expected to have a red color, which is 
consistent with the wavelength trends observed here. Furthermore, these 
shifts are only clearly visible in the earliest observations, which are also 
the ones expected to be most strongly affected by Earthshine (see Table 1 
and Figure C1). This demonstrates that our spectral-filtering process is 
able to reveal real astronomical signals that were previously obscured 

Figure 4. The slope 𝐴𝐴 𝐴𝐴𝑉𝑉𝑖𝑖 from Equation 2 for a linear fit of the scatter points in Figure 3 between the variance signals at 
each wavelength Vi(t > tV) versus the average variance signal � (� > �� ) for the Almost Limb activity 1969A is shown as 
the blue line. The green line for comparison, is the predicted slope for a dust atmosphere with a power-law particle size 
distribution (s−3 with a threshold of 0.3 μm) described in Section 2.3. These slope curves are equivalent to normalized 
spectra of the varying signal and dust, respectively. Since these two spectra are so different, filtering out a signal with 
the blue spectrum will not eliminate signals with something like the green spectrum.

Figure 5. Corrected signal, Di,est(t) for the Almost Limb activity 1969A, 
after spectral filtering has been applied to each wavelength range (solid 
lines) compared with the original data (dashed lines). The vertical black 
line on the plot, denotes the time (tV) when the telescope's line of view 
hits the Moon's surface. An offset has been added here too to view each 
wavelength range distinctly. Note the filtered data shows much smaller 
fluctuations than the raw data.
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by the instrumental artifacts, and so means that we can also use these 
filtered data to search for signals from lunar dust. Taking a closer look 
at the other observations reveals that nine observations have significant 
contamination from Earthshine. But the remaining five observations can 
still be used to search for dust (see Section 2.4).

2.3. Predicted Signals From Model Dust Atmospheres

Since the filtered signals do not show clear variations with altitude that 
could be due to lunar dust, we need an explicit model to constrain the 
amount of dust that could be present. If we assume a density of parti-
cles at each altitude, the spectra can be computed using the appropriate 
scattering theory. For a flux of radiation πF with wavelength λ, the power 
scattered by an individual particle per unit solid angle is given by the 
function 𝐴𝐴 𝑑𝑑𝑑𝑑

𝑑𝑑Ω
 . In principle, these spectra could be computed using Mie The-

ory or even more sophisticated scattering theories that can account for 
the irregular shapes of these particles (Kolokolova et al., 2015; Shkuratov 
et al., 1994). However, in practice the Almost Limb activities were made 
at such high phase angles (168.3°) that the observed light is predominant-
ly due to diffraction around individual particles, and the lunar dust pop-
ulations are sufficiently tenuous that multiple scattering among different 
particles can be ignored. In this situation, Fraunhofer diffraction theory 
therefore provides a more efficient but still sufficiently accurate way to 
estimate the spectra of the relevant dust populations.

The power scattered per unit solid angle by a conducting disk of radius 
s illuminated by flux πF of radiation with wavelength λ is given by the 
following function (Hedman et al., 2009; Jackson, 1975):

𝑑𝑑𝑑𝑑
𝑑𝑑Ω

= 𝜋𝜋𝜋𝜋𝜋𝜋2
𝐽𝐽 2
1 (𝑘𝑘 𝜋𝜋 sin𝜃𝜃)

sin2𝜃𝜃
 (6)

where s is the size (radius) of the particle, k = 2π/λ, J1 is the spherical Bessel function of first kind and θ is 
the scattering angle (180°-the phase angle). The above expression holds true for conducting materials, for 
dielectric particles we need to multiply the above expression by a scaling factor (Fymat & Mease, 1981). 
This scaling factor can be derived directly from the extinction factor Qext (the ratio of the total cross-section 
of the particle to its geometrical cross-section, see Appendix A) using the optical theorem which gives the 
following approximation for the scattering by a dielectric sphere:

𝑑𝑑𝑑𝑑
𝑑𝑑Ω

= 𝜋𝜋𝜋𝜋𝜋𝜋2

4sin2𝜃𝜃
𝐽𝐽 2
1 (𝑘𝑘 𝜋𝜋 sin𝜃𝜃)𝑄𝑄

2
𝑒𝑒𝑒𝑒𝑒𝑒(𝑘𝑘 𝜋𝜋𝑘 𝑘𝑘). (7)

The above equation defines the power scattered per unit solid angle for particles of size s. This value of 
power scattered obtained using the Fraunhofer model differs from the Mie theory values by only a factor 
of about 0.97–1.8 for the ranges of particle sizes and observing geometries considered here, and hence can 
be considered a reasonable approximation of the expected signals from spherical particles. Furthermore, at 
low scattering angles (high phase angles) the signals from compact irregular grains differ from spheres with 
equivalent volume only by atmost 50%. (Pollack & Cuzzi, 1980). Our Fraunhofer calculations therefore also 
provide reasonable approximations for the signals for irregular grains with the equivalent effective sizes s.

The dust above the Moon's surface is a collection of particles of different size ranges for which a size dis-
tribution can be defined. The reflectance of this collection of particles in a given wavelength channel i and 
time t is given by the standard unitless quantity:

[ �
�
(�)
]

�,����
= 1

� ∫

�max

�min

���

�Ω
 (�, �)��. (8)

Figure 6. Corrected signal, Di,est for the Almost Limb activity 1840A, after 
spectral filtering has been applied to each wavelength range. The vertical 
black line on the plot, denotes the time (tV) when the telescope's line of 
view hits the Moon's surface. An offset has been added here too to view 
each wavelength range distinctly. Note the slight shifts in the signal level 
beyond with the vertical line. These shifts are likely due to Earthshine 
from the Moon's surface, which is expected to be present in these early 
observations. The wavelength trends observed here are also consistent with 
the red color expected for Earthshine.
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where 𝐴𝐴 𝑑𝑑𝑑𝑑𝑖𝑖
𝑑𝑑Ω

 is the scattered power in wavelength channel i and 𝐴𝐴  (𝑠𝑠𝑠 𝑠𝑠) is the particle size distribution inte-
grated along the line of sight during that particular time. The limits on the above integral are defined by the 
lower and upper limits of the size distribution discussed below.

For this analysis, we will consider several different models for the spatial and size distributions of particles. 
However, we will assume that the particle size distribution is independent of location, and only the total 
density of particles varies with altitude above the Moon's surface. These assumptions not only make the 
calculations more tractable by restricting the phase space of possible predictions, but also facilitate compar-
isons with previously published measurements of these dust populations.

We consider two different types of particle size distributions in this study. On the one hand, we consider 
narrow size distributions for particles with radii between 0.07 to 1 μm in order to illustrate how sensitive 
these observations are to particles of different sizes (Feldman et al., 2014; Glenar et al., 2014). Also, narrow 
size distributions could be more representative of electrostatically charged dust grains (Criswell, 1973; Ren-
nilson & Criswell, 1974).

On the other hand, we consider power-law size distributions because these size distributions are also more 
likely to be representative of material lofted by impacts, which are expected to have a broad size distribution 
(Grün et al., 2011; Horányi et al., 2015). More specifically, we will use power-law size distributions with 
limits at 0.3 and 10 μm. These limits have been chosen to facilitate comparisons with previous limits on 
dust density (Feldman et al., 2014; Glenar et al., 2014; Horányi et al., 2015; Szalay & Horányi, 2015) and be-
cause UVS operates at wavelengths between 200 and 800 nm and these sorts of remote sensing observations 
are more sensitive to particles comparable to the operating wavelength range of the instrument (Van de 
Hulst, 1957). Also, we consider two different cases for the power-law index: 𝐴𝐴  (𝑠𝑠𝑠 𝑠𝑠) ∝ 𝑠𝑠−3 and 𝐴𝐴  (𝑠𝑠𝑠 𝑠𝑠) ∝ 𝑠𝑠−4 . 
These two numbers (−3 and −4) bracket the expected differential size distribution of collision debris, which 
has a differential index of around −3.5 (Dohnanyi, 1969; Tanaka et al., 1996), and the value of −3.7 meas-
ured in-situ by LDEX (Szalay & Horányi, 2016).

In addition to assuming a specific size distribution, we also need to assume the dust has a specific spatial 
distribution before we can compute the predicted signals and how they vary with time. Since this analysis 
seeks to constrain a low-altitude global dust atmosphere, we will assume that the number of particles per 
unit area along the line of sight can be described by a simple exponential dust profile defined by nominal 
total number density of particles at the surface no,nom and scale height H. Such models are almost certainly 
an oversimplification because the actual dust distribution from both electrostatically lofted and impact-gen-
erated dust is a convolution of the launch velocity distribution of the particle populations ejected from the 
surface, which depends on how the particles are ejected, as well as their size and charge state. Both methods 
of launching dust can potentially send material to a wide range of altitudes (Horányi et al., 2015; Szalay & 
Horányi, 2015). However, a simple exponential profile is a reasonable choice for this initial study, primarily 
because it facilitates comparisons with prior remote-sensing searches for and in-situ measurements of lunar 
dust, which have assumed exponential density profiles (Feldman et al., 2014; Glenar et al., 2014; Szalay & 
Horányi, 2016). In this case, the total number of particles per unit area along the line of sight is given by 
the integral

𝑁𝑁(𝑡𝑡) = 𝑛𝑛𝑜𝑜𝑜𝑛𝑛𝑜𝑜𝑜𝑜 ∫

∞

𝑑𝑑
𝑒𝑒−𝑎𝑎(𝑥𝑥𝑜𝑡𝑡)∕𝐻𝐻𝑑𝑑𝑥𝑥 (9)

where x denotes the distance along the line of sight and a (x, t) is the altitude above the surface at a par-
ticular time (see Figure 1). This integral is evaluated from a lower limit d that signifies the point where the 
dust is illuminated to an upper limit of + ∞ (see Figure 1). The lower limit d and a (x, t) are both explicitly 
calculated in Appendix A. For this study, we will specifically consider scale heights H of 1, 3, and 5 km. 
These values were chosen because the LADEE-UVS data are most sensitive to variations in the dust density 
on these scales. These also correspond to scales that have not yet been probed by previous remote-sensing 
observations (Feldman et al., 2014; Glenar et al., 2014) and are near the lower limits of the published LDEX 
observations (Horányi et al., 2015; Szalay & Horányi, 2015).

Finally, in order to account for the spectral filtering of the observations, we apply the same filter to the pre-
dicted I/F signal as we did to the observed data (see Equation 3) to create the following quantity.
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��,���(�) =
[ �
�
(�)
]

�,����
− ���

[ �
�
(�)
]

����
− ��� , (10)

where I/Fi,pred is the predicted I/F for each wavelength channel i, �∕� ���� 
is the average predicted I/F over all wavelengths, and 𝐴𝐴 𝐴𝐴𝑉𝑉𝑖𝑖 and 𝐴𝐴 𝐴𝐴𝑉𝑉𝑖𝑖 are the 
same parameters used in Equation 3. The resulting estimates of Pi,est(t) 
can therefore be directly compared to the filtered observed values of 
Di,est(t) to derive limits on the dust signals.

2.4. Comparison of UVS Spectra and the Predicted Signal

Figures 7 and 8 show the predicted signal, Pi,est(t) for a nominal surface 
concentration of 103 m−3 and scale heights of 1, 3, and 5 km overlaid on 
the observational data, Di,est(t) from Figures 5 and 6 with error bars based 
on the scatter in the data points (Figures B2, B4, B6, and B8 for Almost 
Limb activities 1918A–1987A can be found in Appendix B). As expected, 
the predicted signals become stronger as the telescope's line-of-sight ap-
proaches the lunar surface. Note that at short wavelengths the predicted 
signals are negative because 𝐴𝐴 𝐴𝐴𝑉𝑉𝑖𝑖 becomes large enough to flip the sign of 
the difference in Equation 10.

In Figure  7 the observed brightness trends are much smaller than the 
predicted trends for dust populations with an arbitrarily chosen nominal 
dust density of no,nom = 103 m−3. The limits these data can place on these 
low-altitude dust populations are therefore well below the value of no,nom. 
We derive quantitative limits on the dust density from each spectral chan-
nel by performing a least-squared linear fit of the observed signal calcu-
lated in Equation 5 versus the model predictions from Equation 10:

𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝑛𝑛𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑛𝑛𝑜𝑜𝑖𝑛𝑛𝑜𝑜𝑜𝑜

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝐶𝐶𝐶 (11)

Note the slope of this fit is simply the ratio of the most likely value of the surface dust density no,est to the 
nominal surface dust density assumed in computing Pi,est. We also take the weighted average of these slope 
and offset estimates from the different wavelength channels for each observation to obtain more precise 
estimates on these parameters, and propagate errors appropriately.

In principle, the offset C in the above equation should be equal to zero so long as there are no other sources 
of signal in the data. However, in practice we find that Earthshine contaminates many of these observa-
tions, making them less suitable for deriving tight constraints on the dust populations. Figure 8 shows a 
clear example of this contamination. Since our filtering method forces the signal to be zero after the vertical 
line tV, the filtering step causes significant offsets in the signals observed at earlier times. These signals do 
not vary with altitude like a low-altitude dust atmosphere signal should and so produce significant offsets in 
the trends of observed versus predicted signals (see Table C2 in Appendix C). We force this offset C to zero 
for our estimates of dust density limit.

Fortunately, as New Earth approaches and the Earth-Moon phase angle increases, the illumination due 
to Earthshine on the surface of the Moon decreases. The corresponding values of Earth-Moon system 
are shown in Table C1 and Figure C1 in Appendix C. The last three out of the 14 Almost Limb activities 
(1956A–1987A) are located beyond the Earthshine horizon. In addition, the preceding two Almost Limb 
activities (1918A and 1929A) were recorded at locations that have high Earth-Moon phase angle (129° and 
141°, respectively) and should receive negligible amounts of Earthshine.

We verify that Earthshine is negligible for the last five observations using the above linear model by check-
ing that the wavelength-averaged value of C was consistent with zero for all of these five observations (see 
Table C2 in Appendix C). We also computed the chi-square statistics of a model where C was forced to be 
zero for all wavelengths for each of the observations and verified that the resulting individual estimates 

Figure 7. This figure shows the filtered residual I/F signal, Di,est(t) with 
error bars for Almost Limb activity 1969A at each wavelength range. The 
error bars are based on the scatter in the data points. The vertical black line 
on the plot, denotes the point (tV) when the telescope's line of view hits the 
Moon's surface. The signal, Pi,est(t) predicted using the Fraunhofer model 
and the exponential density profile for a size distribution proportional 
to s−3 and for scale heights of 1, 3, and 5 km, is plotted over the residual 
signal in gray, light coral and black, respectively. An offset has been added 
to view the signals distinctly. Note that the predicted signal, Pi,est(t) is 
estimated for a nominal surface concentration of no,nom = 103m−3 and is 
greater than the residual signal, indicating that the upper limit on dust 
density will be below this value.
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for no,est from the last five measurements are all consistent with zero (see 
Table 2). This demonstrates that for these five observat ions there is no 
evidence for extraneous signals, and so we can use these five observations 
to place firm constraints on the low-altitude dust population. Note that 
these last few activities also probe the lowest altitudes, so they provide the 
tightest limits on the dust populations at low altitudes.

3. Results and Discussion
Our final constraints on low-altitude dust populations are based on the 
weighted average of the estimates of no,est from the Almost-Limb observa-
tions with negligible Earthshine contamination. These weighted averag-
es are all comparable to their corresponding uncertainties, and so these 
constraints will mostly be provided as upper limits. These upper limits 
depend on both the assumed scale height and particle size distribution, 
and so these different assumptions will be considered separately below.

First, consider the limits derived assuming mono-disperse size distri-
butions, since these reveal how our constraints depend on the assumed 
spherical-equivalent particle size. Figure  9 shows the 95% confidence 
interval limit on dust populations with scale height H of 1 km for mo-
no-disperse size distributions. These limits tighten dramatically with in-
creasing particle size up to around 0.3 μm, at which point they become 
much less sensitive to the assumed particle size. This demonstrates that 
the LADEE-UVS data provide the tightest constrains on the dust density 
for particles with equivalent radii bigger than 0.3 μm. This is reasonable, 
given the UVS data used in this analysis was obtained at wavelengths be-
tween 200 and 800 nm, and light is most efficiently scattered by particles 
that are at least as large as the light's wavelength (Van de Hulst, 1957).

Many of the prior works on Lunar dust reported limits on particles around 0.1 μm in size, which is also a rea-
sonable size for a potential population of electrostatically lofted grains. We therefore compare these prior obser-
vations with our corresponding limit for a mono-dispersed particle size distribution in Figure 10. The specific 
model limit shown in this figure correspond to a mono-disperse size distribution for an equivalent particle size 
of 0.1 μm and a scale height of 1 km, for which our upper limit on the surface dust density, no,est is 3.1 × 104 m−3. 
The diagonal line shows the corresponding limit on the dust density as a function of altitude for this particular 
limit, and the green shaded area shows the allowed range of dust densities for this particular model.

Our limit on the surface dust density is of the same order of the estimates of surface dust density derived from 
Apollo 15 coronal photographs (Glenar et al., 2011), and is several orders of magnitude higher than limits 
set by more recent remote-sensing measurements (Feldman et al., 2014; Glenar et al., 2014). However, those 
measurements were insensitive to dust below altitudes of 10 km, and so our limit extends to lower altitudes. 
Furthermore, because we can consider much lower scale heights with the UVS data, at 10 km our limits  

Figure 8. This figure shows the filtered residual I/F signal, Di,est(t) with 
error bars for Almost Limb activity 1840A at each wavelength range. The 
error bars are based on scatter in the data points. The vertical black line 
on the plot, denotes the point (tV) when the telescope's line of view hits 
the Moon's surface. The signal predicted using the Fraunhofer model 
and the exponential density profile for a size distribution proportional 
to s−3, nominal surface dust densities of 103 m−3 and for scale heights of 
1, 3 and 5 km is plotted over the residual signal in gray, light coral and 
black, respectively. An offset has been added to view the signals distinctly. 
This plot is an example of the Almost Limb activity contaminated with 
Earthshine and hence is not included in calculating the upper limit on 
dust density.

Activity name

H = 1 km H = 3 km H = 5 km

Chi-square Probability Chi-square Probability Chi-square Probability

1918A 0.05 82 0.75 39 1.18 28

1929A 0.13 72 0.41 52 1.03 31

1956A 0.06 81 0.04 84 0.02 89

1969A 0.42 52 0.08 78 0.38 54

1987A 1.82 18 1.30 25 1.31 25

Table 2 
Chi-Square Values and Probabilities to Exceed for the Last Five Data Sets for the Size Distribution s−3 and Scale Heights 
H = 1, 3, and 5 km
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become comparable to those earlier remote-sensing limits. Meanwhile, 
the LDEX instrument reported limits of order 100 m−3 in this same size 
range at altitudes between 3 and 250 km (Szalay & Horányi, 2015). Our 
limit on the dust density at 3 km (1,500 m−3) is an order of magnitude 
above the LDEX limit. However, our constraints also apply to altitudes 
below 3 km (and even below 1 km), where LDEX was not able to observe.

If we instead consider the populations with broader size distributions, our 
limits become much tighter. Table 3 shows our surface dust density lim-
its obtained for the two different power-law size distributions (0.3–10 μm) 
and three different scale heights. There are two sets of values displayed 
in the table for the last three Almost Limb activities (1956A–1987A) with 
no Earthshine signal at all and the last five activities (1918A–1987A) with 
negligible Earthshine present. These limits on the surface dust density for 
particles larger than 0.3 μm are orders of magnitude above the values of 
0.004–0.005 m−3 measured by the LDEX experiment for the same size range 
(Horányi et al., 2015). However, the UVS Almost-Limb observations probe 
a very different population from the LDEX measurements. The dust pop-
ulation seen by LDEX has a very large scale height, and the contribution 
of this diffuse cloud to any signal measured in the UVS Almost-Limb data 
is negligible. However, LDEX could only measure dust densities down to 
altitudes of around 3 km and so was insensitive to any additional dust pop-
ulation that might be confined to low altitudes, such as the extreme tails of 
the very low-altitude Lunar Horizon Glow seen by the Surveyor landers. 
Our upper limits constrain this additional population of low-altitude dust, 
and for a scale height of 1 km these limits correspond to densities of around 
140 m−3 near the surface, decreasing to values of around 0.006 m−3 (compa-
rable to the LDEX measurements) at altitudes around 10 km.

The dust constraints from the LADEE-UVS observations are therefore 
consistent with prior limits. Furthermore, since these measurements are 
sensitive to material within just a few kilometers of the surface, they can 
help constrain both impact-generated and electrostatically lofted dust in 
a region that had not been well constrained by prior measurements.

4. Conclusions
In summary, this analysis of the LADEE Almost Limb observations pro-
vide new constraints on the dust density at low altitudes above the Moon's 
surface. Specifically, the upper limit on the surface dust density for a mo-
no-dispersed size distribution for a particle size of 0.1 μm and a scale height 
of 1 km is 3.1 × 104 m−3. The additional population of low-altitude dust for a 
scale height of 1 km and a size distribution proportional to s−3 ranging from 
0.3 to 10 μm (and s−4) has an upper limit on dust density of around 140 m−3 
(and 190 m−3) closer to the surface whih reduces to around 6 × 10−3 m−3 
(and 9 × 10−3 m−3) at altitudes reaching 10 km above the Moon's surface.

Appendix A: Formulas for Computing Predicted 
Dust Signals
Here we provide additional details about the formulas used to compute the 
predicted dust spectrum described in Section 2.3 above. For this analysis, we 
use the optical theorem to approximate the scattering law for a dust grain as:

𝑑𝑑𝑑𝑑
𝑑𝑑Ω

= 𝜋𝜋𝜋𝜋𝜋𝜋2

4𝜋𝜋𝑠𝑠𝑠𝑠2𝜃𝜃
𝐽𝐽 2
1 (𝑘𝑘 𝜋𝜋 sin𝜃𝜃)𝑄𝑄

2
𝑒𝑒𝑒𝑒𝑒𝑒(𝑘𝑘 𝜋𝜋𝑘 𝑘𝑘) (A1)

Figure 9. The upper limits on surface dust density, no,est for mono-
disperse size distribution with dust particles spherical-equivalent size (see 
Section 2.3) ranging from 0.07 to 1 μm derived for the five Almost-Limb 
observations in Table 2 with negligible Earthshine. The scale height H 
for all these values is 1 km. These limits are within the 95% confidence 
level, assuming a positive density value. In principle, this mono-disperse 
size distribution can be convolved to get upper limits for an arbitrary size 
distribution.

Figure 10. A comparison of the upper limits on dust density for 
particle size 0.1 μm as a function of altitude obtained from different 
measurements. This figure uses values for earlier data summarized in 
Szalay and Horányi (2015). The LADEE-UVS observation plotted here 
were computed using the last five Almost Limb activities which have low 
Earthshine signal and corresponds to a scale height H of 1 km. This value 
of dust density was calculated using a mono-disperse size distribution for 
a particle of size 0.1 μm to facilitate comparison with previous limits. Note 
that the upper limit from the LADEE-UVS observations extend closer to 
the surface of Moon than prior limits.
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where F is the incident flux density, s is the particle size (radius), k is the 
wave number of the light, θ is the scattering angle, which is 12° for our 
observations, and the factor of Qext in Equation 7 is defined as follows 
(Van de Hulst, 1957):

���� = 2 − 4�−�tan�
cos�
�

[

sin(� − �) +
cos�
�

cos(� − 2�)
]

+ 4
cos2�
�2

cos(2�),
 (A2)

where m is the complex refractive index of the particle (m = mr + imi), 
ρ = 2ks (mr − 1) and 𝐴𝐴 tan𝛽𝛽 = 𝑚𝑚𝑖𝑖∕(𝑚𝑚𝑟𝑟 − 1) . For these observations we as-
sume a refractive index m = 1.5 + i0.0005 for a silicate-rich dust particle 
(Zubko et al., 2017).

Since the dust above the Moon's surface is a collection of particles of 
different size ranges, we compute the unitless reflectance of this collec-
tion of particles with differential size distribution 𝐴𝐴  (𝑠𝑠𝑠 𝑠𝑠) for wavelength 
channel i, with the following formula:

[ �
�
(�)
]

�,����
= 1

� ∫

�max

�min

���

�Ω
 (�, �)��. (A3)

For this analysis, we consider both mono-disperse size distributions and power-law size distributions with 
differential power-law indices of −3 and −4 and limits of 0.3–10 μm.

For the specific case where, 𝐴𝐴  (𝑠𝑠𝑠 𝑠𝑠) = 𝑐𝑐𝑜𝑜(𝑠𝑠)𝑠𝑠−3 , co is a dimensionless function of time, but not particle size. 
The number of particles per unit area (m−2), N(t) is then given by the integral

𝑁𝑁(𝑡𝑡) = 𝑐𝑐𝑜𝑜(𝑡𝑡)∫

𝑠𝑠max

𝑠𝑠min

𝑠𝑠−3𝑑𝑑𝑠𝑠𝑑 (A4)

where co(t) can be derived from Equation A3 such that

��(�) =

[

�
�
(�)
]

�,����
1
�
∫ �max
�min

���
�Ω

�−3��
. (A5)

For reference, the value of the integral in the denominator for dust size from 0.3 (smin) to 10 μm (smax) for 
the wavelength range 250–300 nm is 21.0. This integral is worked out for all the wavelength ranges from 
250 to 700 nm.

In order to compute the total amount of lunar dust visible at a given time along the line of sight, we assume 
an exponential dust profile defined by a nominal surface concentration no,nom and scale height H. In this case, 
the total amount of dust along the line of sight is given by the following integral along the line of sight x:

𝑁𝑁(𝑡𝑡) = 𝑛𝑛𝑜𝑜𝑜𝑛𝑛𝑜𝑜𝑜𝑜 ∫

∞

𝑑𝑑
𝑒𝑒−𝑎𝑎(𝑥𝑥𝑜𝑡𝑡)∕𝐻𝐻𝑑𝑑𝑥𝑥 (A6)

where N is the number of particles per unit area and a (x, t) is the altitude above the lunar surface, and d 
denotes the location where the light of sight crosses into sunlight (see Figure 1). Figure A1 illustrates how 
this parameter (N) varies over the course of the observation, with a vertical line (tV) denoting when the field 
of view hits the Moon's surface.

In order to determine the altitude a (x, t) of the line of sight above the surface as a function of the coordinate 
x along the line of sight at any given time t, we use the parameters defined in Figure 1. The LBL data files 
associated with each spectrum gives the “telescope graze altitude” above the Moon's surface (denoted as z in 
Figure 1) and the latitude and longitude of points S (the spacecraft's location above the surface of the Moon) 

Scale Height H 
(km)

Dust Density (m−3)

1956A–1987A 1918A–1987A

s−3 s−4 s−3 s−4

1 75.6 ± 66.9 94.5 ± 93.7 64.6 ± 63.4 83.6 ± 88.7

3 4.6 ± 10.6 3.3 ± 14.8 8.2 ± 9.3 9.6 ± 12.9

5 2.6 ± 6.1 2.1 ± 8.6 6.0 ± 5.1 7.6 ± 7.1

Note. Error bars are defined as 𝐴𝐴 1∕(
√

(
∑

𝑊𝑊𝑖𝑖)) where the weights Wi are 
the errors corresponding to each observation. These upper limits on 
surface dust density corresponding to two different size distributions: 

𝐴𝐴  (𝑠𝑠𝑠 𝑠𝑠) ∝ 𝑠𝑠−3 and 𝐴𝐴  (𝑠𝑠𝑠 𝑠𝑠) ∝ 𝑠𝑠−4 and for scale heights of 1, 3 and 5 km. 
The limits of size range considered here are from 0.3 to 10 μm.

Table 3 
Dust Density Limits no,est With Their Respective 1σ Error Bars
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and A (the place where the line of sight gets closest to the Lunar surface). Figure A1 shows how the graze 
altitude z changes over the course of the observation. It decreases gradually as the line of sight gets closer to 
the surface and reduced to zero as the line of sight hits the surface shown by the black vertical line on the 
plot. The terminator position T is calculated based on the sub-solar point on the Moon, which depends on 
the time at which the activity was performed.

Assuming the Moon to be a sphere, the height of the line of sight above the surface a (x, t) can be written as 
the following function of x:

𝑎𝑎(𝑥𝑥𝑥 𝑥𝑥) =
√

𝑥𝑥2 + (𝑧𝑧 + 𝑅𝑅)2 − 𝑅𝑅 (A7)

where R is the radius of Moon (1,737.4 km).

The lower limit d is calculated using the geometry shown in Figure 1. Considering the small triangle with 
legs l and d, we see that

𝑑𝑑 = 𝑙𝑙
tan𝜖𝜖1

 (A8)

where ϵ1 is equal to the solar elevation angle of point A (Figure 1):

𝜖𝜖1 = sin−1[sin𝛿𝛿sin𝜙𝜙 + cos𝛿𝛿cos𝜙𝜙cos(𝐻𝐻𝐻𝐻𝐻𝐻)] (A9)

where δ is the sub-solar latitude angle, which depends on the time of the year and varies from (−0.5 to 0.5 
deg for the Moon), ϕ is the latitude and HRA is the hour angle of point A. Meanwhile, the length l in Equa-
tion A8 can be calculated from ϵ1, z and R as

𝑙𝑙 = 𝑅𝑅
cos𝜖𝜖1

− (𝑅𝑅 + 𝑧𝑧). (A10)

Note, the values of l, ϵ1 and d are evaluated separated for each spectra based on data provided in each LBL file.

In Figure A1, we see how the integrated dust density increases with time as altitude decreases. This indi-
cates that the amount of dust along the line of sight is higher at lower altitude which is what one would 
expect. The slow decrease in N after the line of view hits the surface (beyond the vertical line) is artificial 
because at that point the observable material would actually be blocked from view by the Moon.

Combining Equations A4 and A6, an expressions for predicted signal is obtained:

Figure A1. The Telescope graze altitude (z) from Figure 1, as height of line of view at the point A (A in Figure 1) on the 
surface is shown by the red line plotted against time for the Almost Limb activity 1969A. This altitude is given in the LBL 
file associated with each Almost Limb activity. It reduces to zero as the field of view touches the Moon's surface, which is 
indicated by the vertical line on the plot. The blue line shows the integrated dust density calculated using Equation A6. 
The amount of dust per unit area does increase as altitude decreases until the line of sight meets the surface.
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𝑛𝑛𝑜𝑜𝑜𝑛𝑛𝑜𝑜𝑜𝑜 ∫

∞

𝑑𝑑
𝑒𝑒−𝑎𝑎(𝑥𝑥𝑜𝑥𝑥)∕𝐻𝐻𝑑𝑑𝑥𝑥 = 𝑐𝑐𝑜𝑜(𝑥𝑥)∫

𝑠𝑠max

𝑠𝑠min

𝑠𝑠−3𝑑𝑑𝑠𝑠𝑑 (A11)

Substituting in the above expression for co(t) (Equation A5) and solving the integral for the size distribution 
𝐴𝐴  (𝑠𝑠𝑠 𝑠𝑠) ∝ 𝑠𝑠−3 , we find

��,��� ∫

∞

�
�−(

√

�2+(�+�)2−�)∕��� =

[

�
�

]

�,����
1
�
∫ �max
�min

���
�Ω

�−3��

(

�2max − �2min

2�2min�
2
max

)

. (A12)

Solving this equation for [I/F]i,pred gives the predicted signal for a given particle size distribution  
(𝐴𝐴  (𝑠𝑠𝑠 𝑠𝑠) ∝ 𝑠𝑠−3 ) and wavelength channel i:

[ �
�

]

�,����
= ��,���

[

2�2min�
2
max

�2max − �2min

]

[

1
� ∫

�max

�min

���

�Ω
�−3��

]

∫

∞

�
�−(

√

�2+(�+�)2−�)∕���. (A13)

The above expression determines a predicted signal for a certain value of surface concentration 
(no,nom = 103 m−3 and scale heights H = 1, 3 and 5 km).

Repeating these calculations for a size distribution proportional to s−4, Equation A13 becomes

[ �
�

]

�,����
= ��,���

[

3�3min�
3
max

�3max − �3min

]

[

1
� ∫

�max

�min

���

�Ω
�−4��

]

∫

∞

�
�−(

√

�2+(�+�)2−�)∕��� (A14)

and for a mono-disperse size distribution (0.07–1 μm) Equation A13 changes to

[ �
�

]

�,����
=

��,�����2

4���2�
� 2
1 (� � sin�)�

2
��(� �, �)∫

∞

�
�−(

√

�2+(�+�)2−�)∕
��. (A15)

Appendix B: Plots Showing the Measured Signals for all Observations After 
Spectral Filtering
Figure B1

Figure B1. Corrected signal (in solid) for the set ”1918A,” after spectral filtering has been applied to each wavelength 
range and the original spectrum (in dotted), plotted against time. An offset has been added here too to view each 
wavelength range distinctly.
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Figure B2

Figure B3

Figure B2. This figure shows the filtered residual signal for ”1918A,” for each wavelength range. The signal predicted 
using the Fraunhofer model and the exponential density profile is plotted over the residual signal for a scale heights of 
1, 3, and 5 km in gray, lightcoral, and black, respectively. An offset has been added to view the signals distinctly.

Figure B3. Corrected signal (in solid) for the set ”1929A”, after spectral filtering has been applied to each wavelength 
range and the original spectrum (in dotted), plotted against time. An offset has been added here too to view each 
wavelength range distinctly.
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Figure B4

Figure B5

Figure B4. This figure shows the filtered residual signal for ”1929A” for each wavelength range. The signal predicted 
using the Fraunhofer model and the exponential density profile is plotted over the residual signal for a scale heights of 
1, 3, and 5 km in gray, lightcoral and black respectively. An offset has been added to view the signals distinctly.

Figure B5. Corrected signal (in solid) for the set ”1956A,” after spectral filtering has been applied to each wavelength 
range and the original spectrum (in dotted), plotted against time. An offset has been added here too to view each 
wavelength range distinctly.
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Figure B6

Figure B7

Figure B6. This figure shows the filtered residual signal for ”1956A” for each wavelength range. The signal predicted 
using the Fraunhofer model and the exponential density profile is plotted over the residual signal for a scale heights of 
1, 3, and 5 km in gray, lightcoral respectively. An offset has been added to view the signals distinctly.

Figure B7. Corrected signal (in solid) for the set ”1987A,” after spectral filtering has been applied to each wavelength 
range and the original spectrum (in dotted), plotted against time. An offset has been added here too to view each 
wavelength range distinctly.
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Figure B8

Appendix C: Tables of Fit Parameters for All Observations
Table C1 shows the slope between the residual and predicted signal and the standard deviation of this slope 
is calculated for each wavelength range. A weighted average of these slopes using their respective standard 
deviation as weights is computed for each observation. The weighted averaged slope with error bars at scale 
height of 1, 3, and 5 km are shown in this table. The intercept for this case is reduced to zero. Table C1 and 
Figure C1 also provide the Earth-Moon position details for these observations. The observed locations are 
farther and farther away from Earthshine horizon for the later data sets.

Figure B8. This figure shows the filtered residual signal for ”1987A” for each wavelength range. The signal predicted 
using the Fraunhofer model and the exponential density profile is plotted over the residual signal for a scale heights of 
1, 3, and 5 km in gray, lightcoral and black respectively. An offset has been added to view the signals distinctly.

Activity 
name

H = 1 km H = 3 km H = 5 km Days since Full 
Earth/New 

Moon

Difference between 
sub-Earth and observed 

point

Earth-
Moon 

phase angleSlope Slope Slope

1836A −377.33 ± 61.20 −4.01 ± 0.28 −1.25 ± 0.05 1.72 52.89 20.6

1840A −585.04 ± 60.39 −4.83 ± 0.33 −1.28 ± 0.08 2.72 48.05 32.6

1847A −339.02 ± 29.87 −3.27 ± 0.22 −0.92 ± 0.05 3.72 38.59 44.6

1873A −85.74 ± 13.06 −0.72 ± 0.09 −0.20 ± 0.02 5.72 6.20 68.6

1875A −25.95 ± 10.67 −0.30 ± 0.11 −0.08 ± 0.36 6.72 3.55 80.6

1880A −21.75 ± 12.05 −0.48 ± 0.11 −0.15 ± 0.03 6.72 −2.61 80.6

1882A −84.67 ± 21.45 −0.59 ± 0.12 −0.14 ± 0.03 6.72 −4.36 80.6

1889A 12.72 ± 23.70 0.19 ± 0.13 0.05 ± 0.03 7.72 −12.25 92.6

1901A −64.00 ± 32.74 −0.60 ± 0.18 −0.16 ± 0.04 8.72 −26.17 104.6

1918A 0.08 ± 0.34 0.03 ± 0.03 0.01 ± 0.01 10.72 −40.18 128.6

1929A −0.09 ± 0.24 0.02 ± 0.02 0.01 ± 0.01 11.72 −53.23 140.6

1956A 0.02 ± 0.09 −0.01 ± 0.03 0.00 ± 0.02 14.72 −85.51 176.6

1969A 0.81 ± 0.12 0.00 ± 0.01 −0.01 ± 0.01 16.72 −107.27 200.6

1987A 0.20 ± 0.14 0.02 ± 0.02 0.01 ± 0.01 17.72 −124.76 212.6

Table C1 
Observation Geometry and Fitted Slopes for All Almost Limb Activities
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Table C2 shows the slope and intercept between the residual, Di,est(t) and predicted signal, Pi,est(t) and the 
standard deviation of this slope and intercept are calculated for each wavelength range i. Weighted average 
of these slopes and intercepts using their respective standard deviation as weights is computed for each 
observation. The weighted averaged slope and intercepts with error bars at scale height of 1, 3, and 5 km are 
shown in this table. The intercept for this case is not reduced to zero. And the Earth-Moon position details 
during the course of these observations. The observed locations are farther and farther away from Earth-
shine horizon for the later data sets.

Figure C1. This figure shows the location of Earth (arrows point to Earth) during the month of April 2014 while the 
Almost Limb activities were recorded by Lunar Atmosphere and Dust Environment Explorer-Ultraviolet and Visible 
Spectrometer. It shows how the first observations are affected due to Earthshine of the dark side of the Moon while the 
last five observations have negligible amount of Earthshine.

Activity 
name

H = 1 km H = 3 km H = 5 km H = 1 km H = 3 km H = 5 km

Slope
Intercept 

x10−5 Slope
Intercept 

x10−5 Slope
Intercept 

x10−5 Slope Slope Slope

1836A 54.50 ± 35.94 −4.64 ± 0.13 0.59 ± 0.23 −4.83 ± 0.17 0.22 ± 0.08 −5.11 ± 0.25 −377.33 ± 61.20 −4.01 ± 0.28 −1.25 ± 0.05

1840A 225.74 ± 52.45 −4.41 ± 0.13 1.13 ± 0.29 −4.60 ± 0.17 0.34 ± 0.09 −4.88 ± 0.24 −585.04 ± 60.39 −4.83 ± 0.33 −1.28 ± 0.08

1847A 22.19 ± 27.64 −3.49 ± 0.13 0.46 ± 0.22 −3.72 ± 0.18 0.18 ± 0.08 −4.01 ± 0.29 −339.02 ± 29.87 −3.27 ± 0.22 −0.92 ± 0.05

1873A −26.45 ± 20.21 −0.71 ± 0.25 −0.55 ± 0.45 0.02 ± 0.75 −0.30 ± 0.25 1.04 ± 1.50 −85.74 ± 13.06 −0.72 ± 0.09 −0.20 ± 0.02

1875A 20.93 ± 14.69 −0.78 ± 0.21 0.48 ± 0.36 −1.34 ± 0.59 0.27 ± 0.20 −2.12 ± 1.17 −25.95 ± 10.67 −0.30 ± 0.11 −0.08 ± 0.36

1880A 32.60 ± 14.82 −0.85 ± 0.18 0.61 ± 0.28 −1.44 ± 0.42 0.32 ± 0.15 −2.24 ± 0.81 −21.75 ± 12.05 −0.48 ± 0.11 −0.15 ± 0.03

1882A −22.79 ± 27.10 −0.70 ± 0.20 −0.25 ± 0.35 −0.45 ± 0.46 −0.12 ± 0.17 −0.10 ± 0.89 −84.67 ± 21.45 −0.59 ± 0.12 −0.14 ± 0.03

1889A −6.46 ± 26.50 0.23 ± 0.14 0.02 ± 0.25 0.24 ± 0.23 0.02 ± 0.10 0.24 ± 0.40 12.72 ± 23.70 0.19 ± 0.13 0.05 ± 0.03

1901A −30.75 ± 34.97 −0.34 ± 0.13 −0.39 ± 0.23 −0.22 ± 0.15 −0.14 ± 0.07 −0.06 ± 0.22 −64.00 ± 32.74 −0.60 ± 0.18 −0.16 ± 0.04

1918A −0.20 ± 0.40 0.18 ± 0.22 0.02 ± 0.05 0.02 ± 0.33 0.02 ± 0.04 −0.12 ± 0.53 0.08 ± 0.34 0.03 ± 0.03 0.01 ± 0.01

1929A −0.42 ± 0.29 0.41 ± 0.24 −0.06 ± 0.05 0.59 ± 0.39 −0.05 ± 0.04 0.85 ± 0.7 −0.09 ± 0.24 0.02 ± 0.02 0.01 ± 0.01

1956A 0.07 ± 0.19 −0.26 ± 0.55 −0.07 ± 0.15 0.88 ± 2.70 −0.60 ± 0.39 16.1 ± 12.3 0.02 ± 0.09 −0.01 ± 0.03 0.00 ± 0.02

1969A 0.16 ± 0.16 −0.19 ± 0.24 0.03 ± 0.04 −0.37 ± 0.58 0.02 4 ± 0.05 −0.56 ± 1.33 0.81 ± 0.12 0.00 ± 0.01 −0.01 ± 0.01

1987A 0.13 ± 0.17 0.09 ± 0.20 0.01 ± 0.03 −0.14 ± 0.34 0.00 ± 0.03 0.23 ± 0.63 0.20 ± 0.14 0.02 ± 0.02 0.01 ± 0.01

Table C2 
Slopes and Intercepts for All Almost Limb Activities
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Data Availability Statement
The primary data used in this analysis is all available on the Planetary Data System and is cataloged under 
Shirley (2014). Datasets for this research are available in this in-text data citation references (Sharma & Hed-
man, 2021) [with license: https://creativecommons.org/licenses/by-nc-sa/4.0/, and the access restrictions: 
Creative Commons Attribution Non Commercial Share Alike 4.0 International] at the University of Idaho’ 
Institutional repository. The type of data files used in this analysis include .sav and .txt files. These files are 
read using .C (C code) and .ipynb (Python notebooks) code files. The processed data and the model data 
along with the codes and tools have been uploaded to the following Sharma and Hedman (2021).
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