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Abstract We report the detection of two transient luminous events recorded on the lunar
surface on February 6, 2013, at 06:29:56.7 UT and April 14, 2013, 20:00:45.4 from the
Atlas Golf Marrakech observatory in Morocco. Estimated visual magnitudes are 9.4 + 0.2
and 7.7 £ 0.2. We show that these events have the typical characteristics of impact flashes
generated by meteoroids impacting the lunar surface, despite proof using two different
telescopes is not available. Assuming these events were lunar impact flashes, meteoroid
masses are 0.3 + 0.05 and 1.8 £ 0.3 kg, corresponding to diameters of 7-8 and 14-15 cm
for a density of 1500 kg m . The meteoroids would have produced craters of about
2.6 £ 0.3 and 4.4 £ 0.3 m in diameter. We then present a method based on the identifi-
cation of lunar features illuminated by the Earthshine to determine the position of the flash.
The method does not require any information about the observation geometry or lunar
configuration. The coordinates are respectively 08.15° & 0.15°S 59.1° £ 0.15°E and
26.81° £ 0.15°N 09.10° £ 0.15°W. Further improvement on the determination of the flash
position is necessary for seismological applications. This studies demonstrates that per-
manent lunar impact flashes observation programs may be run in different parts of the
globe using mid-sized telescopes. We call for the development of an international lunar
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impact astronomical detection networks that would represent an opportunity for scientific
and cultural developments in countries where astronomy is under-represented.

Keywords Meteoroids - Impact flash - Crater - Moon

1 Introduction

Significant discoveries and progresses in understanding planetary evolution are largely
based on our capacity to determine a precise chronological sequence of geological events
affecting the solid bodies on our solar system. This statement has been recently well
illustrated with, for instance, the findings and interpretations of major transitions affecting
igneous rocks or their alteration products at the surface of Mars (Bibring et al. 2006; Poulet
et al. 2009; Baratoux et al. 2013), the unexpected occurrences of young ages at the surface
of Moon and Mars (Neukum et al. 2004; Vaucher et al. 2009; Hiesinger et al. 2010), or the
violent collisional history of Vesta (Marchi et al. 2012) including the ~1 Ga old event
responsible for the formation of the Rheasilvia basin. With the exception of the Earth,
chronological scales of all rocky bodies rely on the extrapolations of relationships between
crater densities at the surface of the Moon and exposure time to the meteoritic bom-
bardment inferred from the geochronological analysis of Apollo samples (Hartmann 2005).
Given the inferred age-distribution of Apollo samples, variation of the impact flux with
time, in particular over the last 3 Ga, is poorly known (Quantin et al. 2007; Marchi et al.
2009). It has also been shown that the cratering rate varies with position, as a consequence
of the non-isotropic distribution of orbital parameters of impactors and of the orbital
parameters of the object (Le Feuvre and Wieczorek 2008, 2011). The cratering rate (as-
sumed to be constant over the last 3 Ga) would compare within one order of magnitude
with the impact flux inferred from detonations associated with bolides entering the Earth
atmosphere, or with the flux inferred from impacts recorded by the Apollo seismometers
(Brown et al. 2002; Ivanov 2006; Mimoun et al. 2012). However, these comparisons in-
volve the use of empirical and poorly constrained scaling laws through which the various
measured physical quantities such as crater diameter, seismic energy, or radiation may be
related (Mimoun et al. 2012; Oberst et al. 2012).

The possibility to observe lunar flashes by using ground-based telescopes has appeared
more than a decade ago (Rubio et al. 2000; Ortiz et al. 2000, 2006; Yanagisawa et al.
2006; Iye et al. 2007) and offers another new opportunity to document the present impact
rate for kilogram-size meteoroids (Suggs et al. 2014). Mid-sized telescopes equipped with
focal reducers and inexpensive video cameras are generally sufficient to monitor large
meteoroids hitting the Moon (Oberst et al. 2012; Mousis and et al. 2013). These icy, rocky
or stony meteoroids hit the Moon with velocities ranging from less than 10 km/s to more
than 70 km/s. A fraction of the kinetic energy transferred to the lunar rocks is converted
into radiation producing a transient and brief (typically less than 1 s) luminous event
associated with heating of the target and formation of a plume involving during its ex-
pansion and cooling variable proportions of plasma and vapor phases, liquid droplets and
hot solid particles (Yanagisawa et al. 2006; Melosh et al. 1993; Clark and Melosh 1996;
Artemieva et al. 2001; Davis 2009; Bouley et al. 2012). The relative contribution of each
phase to the thermal emission should evolve as a function of time. Plasma emission may
dominate the early stages, and hot solid or liquid materials are expected to be dominant in
the late stage of expansing and cooling of the plume. It has been actually argued that the
typical duration of impact flashes is too long when compared with radiative transfer models
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First Lunar Flashes Observed in Morocco 3

in a plasma/vapor expanding plume (Bouley et al. 2012). It was also noted that the light
curve may be approximated by that of a expanding cloud of liquid silicate droplets with a
black body law and an effective temperature close to that of the liquid/vapor transition of
silicates (Bouley et al. 2012; Yanagisawa and Kisaichi 2002).

The observation of lunar-meteoroids impact flashes is motivated in the context of
projects for future lunar seismological networks (Mimoun et al. 2012). Impacts represent
an important part of the catalogue of seismic events (Lognonné et al. 2009). The simul-
taneous monitoring from the ground of impact flashes opens the possibility to provide
independent positions and times of the seismic source, leading to improvements in the
determination of the crustal structure (Yamada et al. 2011). Such data becomes indis-
pensable in the case of a one-seismometer mission. Other motivations are related to the
exploration of the lunar atmosphere mission (e.g., LADEE—Ilunar atmosphere and dust
environment explorer), or the search for new impact structures on the lunar surface (e.g.,
LROC—Lunar Reconnaissance Orbiter Camera), and the measure of the largest mete-
oroids within the principal annual meteoroid streams.

Permanent and automated monitoring stations exist only in North America and Spain
(Suggs et al. 2014; Cooke et al. 2007; Madiedo et al. 2009, 2013). We therefore call for
the development of an international project (ILIAD—international lunar impacts astro-
nomical detection) with the objective to develop lunar impact flashes monitoring programs
in several stations around the globe. Automated stations are certainly the best option when
sufficient funding is available. At this stage, our observations are not yet automated and the
time-consuming workload is the main limitation to our capabilities. Despite these diffi-
culties, we report here the two first flashes detected in the frame of the project at the Atlas
Golf Marrakech (AGM) observatory, respectively on the February 6, 2013, at 06:29:56.7
UT and April 14, 2013, 20:00:45.4 UT. We present the characteristics of these two impact
flashes. In the context of the conceived future applications to lunar seismology, we de-
veloped and tested new strategies for the accurate determination of the coordinates of each
impact. We also present an evaluation of the implications of the position uncertainties for
seismological applications.

2 Observations and Analysis
2.1 Facilities Dedicated to the Observation of Impact Flashes in Morocco

The geographical coordinates of Moroccan stations are 7°52'52"W longitude and
31°12'32"N latitude (Oukaimden observatory) and 7°59'35”W longitude and 31°37'28"N
latitude (AGM observatory). The instrumental setup consisted of two 355-mm diameter
Schmidt-Cassegrain and a 200-mm f/10 telescopes (Fig. 1). The diameters of the tele-
scopes are appropriate for such observations and large enough for the detection of events
having visual magnitudes between 3 and 10. Impact flashes can only be detected during the
lunar night (dark side of the lunar disk), therefore 10 nights of observations per lunar
month must be dedicated to impact flash monitoring, 5 during the waxing crescent and 5
during the waning crescent.

The number of detections is proportional to the monitored surface of the non-illumi-
nated fraction of the lunar disk, which depends on the field of view. For this reason, we use
focal reducer systems, respectively 0.33x or 0.63x for the the 355-mm telescope and the
200-mm telescope, and C-mount spacers with adapters in front of the cameras. With these
systems, the field of view can enclose between 30 and 70 % of the lunar disk. The actual
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4 M. Ait Moulay Larbi et al.

Fig. 1 Photographies of the two telescopes dedicated to impact flash monitoring during 10 nights/month in
Marrakesh and Oukaimden observatoties

Table 1 Characteristics of equipments used during the observation of the flashes 1 and 2 (image resolution
can be improved (in PAL mode) by choosing 720 x 576 rather than 640*480 pixels)

Flash 1 Flash 2
Diameter (mm) 200 335
Initial focal length (mm) 2000 3910
Focal reducer system 0.63x 0.33x
Camera type Watec 902H2 Watec 902H2
Camera sensor (pixels) 752 x 582 752 x 582
Pixels (um) 8.6 x 8.3 8.6 x 8.3
Field of view (arc min’) 14 x 10.5 19 x 14
Image dimension (pixels) 640 x 480 640 x 480
Approximate lunar surface monitored (km?) ~1.8 x 10° ~4 x 10°
Resolution (km) 4+1 5+1
Time recording system GPS-Time inseters GPS-Time inserters

value depends on the distance between the camera sensor and the telescope which varies
according to the length of the spacers and the adapters and the manner in which they are
mounted. In practice, the observed surface of the Moon may be further limited by avoiding
observations near the terminator in order to limit light diffusion from the illuminated
fraction of the lunar disk.

Images are recorded using high-speed black-and-white CCD video cameras (Watec
WAT-902H2 or WAT-120N , at 29.97 frames per second (NTSC) or 25 frames per second
(PAL)). GPS time inserters are used to stamp time on every video frame with a precision of
0.001 ms. The video signal is then digitized and recorded to the hard-drive.

The LunarScan software (Gural 2007; Cudnik 2009) is used on recorded videos to per-
form an automated detections of transient events in the field of view. The automatically
detected transient events are then manually examined to eliminate false detections and select
those having the typical characteristics of impact flashes in terms of intensity, spatial ex-
tension and duration. The characteristics of our equipment are summarized in the Table 1.
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First Lunar Flashes Observed in Morocco 5

2.2 Data Processing and Characteristics of Recorded Events

The characteristics and conditions of observations of two transient luminous events,
recorded respectively on February 6, 2013, at 06:29:56.7 UT (flash 1) and April 14, 2013,
at 20:00:45.4 UT (flash 2) are summarized here. Frames of two flashes are shown in Fig. 2.
The February 6, 2013 flash (flash 1) was recorded using Watec 902H2 video camera
attached to a 0.2 m /10 telescope with a 0.63 x focal reducer, following 5 h of monitoring
during the nights of the 5 and 6 of February. The time of the detection corresponds to an
observation made just before sunrise. The flash is seen in 2 video frames with a total
duration greater than 80 ms. The second reported observation (flash 2) correspond to a
series of monitoring sessions made from the 14th to the 17th April. 10 h of video frames
were recorded during the 4 nights with a 355-mm telescope equipped with a 0.33x focal
reducer. This flash was actually observed during the first 5 min of the first night of this
series of observations, and no additional detections were reported on the 10 h long data
record. The flash appears near the edge of the frame and was also detected automatically by
LunarScan. It is seen in 5 video full-frames with a total duration greater than 200 ms. The
intensity peaks on the second frame of the series (Fig. 3).
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Fig. 2 Lunar impact flashes detected with LunarScan software (Gural 2007; Cudnik 2009) with a multi-
frame subimage of the raw imagery for each event (in positive and negative). F1 (up): February 6, 2013
impact flash, F2 (down): April 14, 2013 impact flash
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Fig. 3 (Left) Light curve of flash recorded on February 6, 2013. (Right) Light curve of flash recorded on
April 14, 2013

Fig. 4 Example of typical video frames of stars used to calibrate photometric measurements of flash
detected on April 14, (frames before preprocessing). a HIP 22672 and HIP 22684 stars with visual
magnitude of 8.7 and 9.4, this field was targeted at 10 arcmin north of the lunar disk, it was recorded 5 min
before the start of observation and 10 min before the flash detection, b a 10 visual magnitude star appeared
in the field of view just before moonset during the same night

Once identified, the frames containing the flash were extracted for photometric analysis.
To calculate the flash magnitude in each frame we used the technique of aperture pho-
tometry, available under the IRAF software in Apphot package. We have checked our
results with other processing software (Limovie, Iris). To achieve the best estimate of
magnitude we prepare before the observation a list of the best reference stars (with known
visual magnitude) that will pass near the lunar disk or that will appear occasionally in the
field of view during the night of observation. In practice, if there was an insufficient
number of stars that appears in the field of view during monitoring, it useful to record a
short video to some reference stars outside of the field and near of the moon every 30 min
during observations, this takes 3 min on average: 1 min for centering the star field, 1 min,
recording, 1 min to recenter the moon. This is very important because calibration with
these stars contribute effectively to correct the effect generated by the atmosphere (air-
mass, extinction, seeing...). In the Fig. 4 we present as an example a star field used to
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First Lunar Flashes Observed in Morocco 7

calibrate photometric measurements of flash detected on April 14, a short video was
recorded 5 min before the start of the observation session and 10 min before the flash
detection (see Fig. 4). A visual magnitude of 9.4 +0.2 and 7.7 £ 0.2 are found for re-
spectively the flash 1 and flash 2. The Pogson magnitude relation is used to calculate the
energy received at Earth throughout each exposure time which allows us to reconstruct the
total visible light energy on the Moon, the star Vega is used as the calibration star (for more
photometry details, see Suggs et al. (2014); Bouley et al. (2012) and Madiedo et al.
(2013)), the light curve of each flash is shown in the Fig. 3.

2.3 Interpretations

During analysis, lunar impact flashs can be confused with specular reflection from artificial
debris in terrestrial orbits, electronic noise or cosmic rays hitting the sensor of the camera.
Impact flashes (specifically one frame flash Suggs et al. 2014; Suggs and Moser 2013)
must be confirmed by at least two different observatories to exclude other phenomena. It is
important to note that these false detections are either a single frame (cosmic ray flashes
and electronic noise) or they show motion across the field of view (orbital debris sunglints;
Suggs et al. 2014; Suggs and Moser 2013). However, we note that the observed events
appear at least in two video full-frames and show brightness changes that are typical of
impact flashes. More importantly, the values of magnitudes and duration are consistent
with the fact that brighter flashes have often longer durations and the values plot slightly
above the trend (see Fig. 5) established from a catalogue of 54 impact flashes compiled by
Bouley et al. (2012).

Within this framework, the observations may be interpreted following the sequence of
impact flash evolutions. In this first phase, the shock wave vaporizes the regolith of the
lunar surface (and the meteoroid) and part of the vapor plume is ionized (plasma phase).
Initially, the plume is optically thick and observation of early development of the plume
from light emission is probably difficult (Swift et al. 2011). The plasma phase expansion is
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Fig. 5 Duration versus magnitude plot (Bouley et al. 2012) with the two new flashes detected by Moroccan

telescopes appearing as red stars. (Color figure online)
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8 M. Ait Moulay Larbi et al.

predicted to be less than 1 ms (Artemieva et al. 2001) and would anyway require higher
frame rate to be distinguished from the subsequent phases of cooling. The plume continues
to expand and becomes optically thin, and the radiative surface area increases until it
reaches its maximum (see for instance the 2nd frame of flash F2 on Fig. 3). The cooling
phase of the plume would lead to condensation of liquid droplets and is characterized by a
progressive decrease of thermal emissions that would correspond for instance to the 3rd,
4th and 5th frames of the flash 2. The duration of this phase is much longer than the phase
of plasma expansion. It is therefore likely that ground-base observations record the thermal
emission associated with the cooling and expansion of a cloud of silicate liquid droplets
(see for instance 2nd, 3rd, 4th and the 5th zoomed images of the Flash F2 in Fig. 3).
Radiation approximated by of a cloud composed of cooling melt droplets assumed to be
well represented as black body emitting initially at the vapor/liquid phase transition
temperature produce radiation during a time period comparable to the observations
(Bouley et al. 2012). Radiation would eventually peak in the near-infrared domain fol-
lowing subsequent cooling to ambient surface temperature. Observation of this phase
would be possible using near-infrared cameras but are yet to be reported (Melosh et al.
1993; Bouley et al. 2012).

The inferred photometric parameters of each flash are given in Table 2. Following
previous authors (see Rubio et al. 2000; Ortiz et al. 2006; Suggs et al. 2014; Madiedo et al.
2009, 2013; Bellot Rubio et al. 2000; Suggs et al. 2008) the kinetic energy of meteoroids is
directly obtained by converting visible light energy on the Moon (kinetic energy = lu-
minous energy/luminous efficiency). Assuming a luminous efficiency factor equal to
n = 1.5 x 1073, the kinetic energy obtained is (3.8 & 0.4) x 107 J for impactor 1 (flash1)
and (23.1 £0.6) x 107 J for impactor 2 (flash 2). The mass of the impactor is then inferred
from its kinetic energy, with an hypothesis on the velocity. Considering a speed of
16 kms~! typical for sporadic impactor speed on the Moon according to the statistics of a
large meteoroid orbit database (Steel 1996; Ivanov 2001), the meteoroids masses are about
0.3+ 0.05 and 1.8 £ 0.3 kg, respectively for the flash 1 and 2. Correspond meteoroids
sizes are 7-8 and 14-15 cm for an assumed density of 1500kg/m?® for the projectile. The
diameter of the impact crater may be estimated using the simplified Gault’s formula (Gault
et al. 1974) that only requires kinetic energy as the input parameter for the impactor and
not specifically its mass and speed. According to this formula, the meteoroids would have
produce craters of about 2.6 + 0.3 and 4.4 &+ 0.3 m in diameter (rim-to-rim diameters) for

Table 2 Characteristics of lunar impact flashes

Flash 1 Flash 2

Duration (ms) 80 240
Estimated Peak magnitude 94 +£0.2 7.7 +£0.2
Luminous Energy of impact (in visible) (J) (5.7 £ 0.6) x 10* (34.1 +8.1) x 10*
Kinetic Energy of impactor (J) (3.8 £ 0.4) x 107 (23.1 £ 5.9) x 10’
Estimated mass of impactor (kg) 0.3 £ 0.05 1.8 £03
Estimated diameter of impactor (cm) 7-8 14-15
Estimated crater diameter (m) 2.6 +£0.3 44 £0.3
Impact coordinates 08.15° £ 0.15°S 26.81° £ 0.15°N

59.1° £+ 0.15°E 09.10° £ 0.15°W

Calculated by assuming a meteoroid speed of 16kms~! and luminous efficiency 1.5 x 1073
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First Lunar Flashes Observed in Morocco 9

Table 3 Size of craters corresponds to impact flashes 1 and 2 calculated by Gault’s law for different
densities of projectile (Htm Halley-type meteoroids, Jfs Jupiter-family sporadics, As asteroidal meteoroids)
and target

Lunar density (g/cm3) Meteoroids density (g/cm3) Diameter 1 (m) Diameter 2 (m)
2.2 1.5 (Htm) 2.59 443
3.1 (Jfs) 2.92 5.00
4.2 (As) 3.07 5.27
2.7 1.5 (Htm) 2.33 4.00
3.1 (Jfs) 2.63 4.52
4.2 (As) 2.77 4.75
3.1 1.5 (Htm) 2.18 3.73
3.1 (Jfs) 2.46 4.22
4.2 (As) 2.59 443

flash 1 and 2, respectively, for an assumed density of 1500kg/m® for the projectile and a
target density of 2200kg/m> corresponding to recent estimated of the density of the lunar
crust and a surface porosity 30 % (Huang and Wieczorek 2012). The Table 3 shows the
sizes found for different densities of meteoroids and lunar crust. Note that the estimation of
the range of diameter values is very useful for the search of impact crater in the LROC
images or other future orbiter camera. The calculation of projectile masses and sizes are
accurate if detections may be associated with a meteor shower, because the impact speed is
better constrained in this case. This will help to constraints upon the size of the largest
meteoroids within a cometary or asteroidal steam. And this is very important because the
presence of meter-sized meteoroids in the stream is very difficult to be betrayed by direct
telescopic observation. The manner in which such observations could be made have been
outlined, for example, by Baggaly (1977). And an attempt was conducted during the
Perseid shower of 2004 (Beech et al. 2004) but no distinct detection of any large exo-
atmosphere Perseid meteoroids was made.

The uncertainties mentioned in the last paragraph and in Table 2 are associated with the
uncertainty of the photometric magnitude only and does not take into account the uncer-
tainty on speed and the luminous efficiency. The luminous efficiency concept plays a part
very important in calculations, based on numerical simulations and analysis of impact
flashes on the moon its value was reached between 1—2 x 103 (Bellot Rubio et al. 2000;
Artemieva et al. 2001; Bellot Rubio et al. 2000; Artemieva et al. 2000), and a nominal
value of 2 x 1073 was determined from Leonid impact flashes (72kms™'), whereas at
16 kms~!, a much smaller value has ben expected (Ortiz et al. 2000, 2006). Despite this, a
value of 2 x 1073 has been used in more recent detections associated with sporadic events
with speed of 17 kms~! (Ortiz et al. 2006; Madiedo et al. 2013). In Swift et al. (2011), the
luminous efficiency has been characterized for objects of different velocities, based on
their results, the expression for luminous efficiency as a function of speed can be written
as: n = 1.5 x 1073 exp(—9.3/v?) (where v is given in km/s), it has also been reported in
this work that the luminous efficiency has an extremely large variation with velocity in the
range of 6 to 15kms~! but a necessarily small variation with velocity in range of 20 to
70kms~'. In order to examine separately the effect of the uncertainties on velocity and the
luminous efficiency on the deduced parameters, we present in the Fig. 6 the kinetic energy
and projectile mass (corresponds to the second flash) for different speeds and luminous
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10 M. Ait Moulay Larbi et al.
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Fig. 6 Left kinetic energy corresponding to the flash 2 obtained by converting visible light energy by the
use of different luminous efficiency factor. Right meteoroid masses corresponding to the flash 2 versus speed
calculated for different luminous efficiencies

efficiencies. The range of speeds is considered between 10 and 34kms~! (adequate for
sporadic meteoroids). The kinetic energy of the impactor changes from 2.3 x 10® to
1.7 x 1087, if we consider a luminous efficiency of 2 x 1073 instead of 1.5 x 1073, in this
case the mass of the meteoroid is 1.36 kg rather than 1.81 kg when considering a speed of
16kms~'. Using the velocity-dependent luminous efficiency from Swift et al. (2011), the
value of this factor varies between 6.3 x 10™* and 1.4 x 1073, leading to a kinetic energy
between 5.5 x 108 and 2.5 x 10%J (see Fig. 6). The mass of the impactor at a speed of
16kms~! is 2.5 kg in this case.

3 Accurate Positioning on the Moon’s Surface
3.1 Methods

Different strategies may be conceived in order to achieve a precise positioning of the flash
at the surface of the Moon. As flashes are observed on the non-illuminated fraction of the
lunar disk, video frames are generally featureless, precluding the direct identification of
lunar surface features. Precise astrometry would be necessary in this case and would
require modeling of the lunar configuration at the time of observation and of the geometric
distortion of the optical system. However, when observations are performed soon after or
before the new Moon, which is the case for the two flashes presented here, the Earthshine is
luminous enough to develop an alternative approach.

It is of note that large-scale lunar features, such as mare or major impact craters may be
identified on the recorded video frames before and after the occurrence of the two impact
flashes. As a large number of frames are recorded, it is especially easy to add together a
large number of images in order to increase the signal to noise ratio and produce an optimal
image of the non-illuminated fraction of the Moon. Increasing the number of images will at
some point decrease the resolution due to changes in observation conditions or atmospheric
turbulence. It has been found empirically that no significant improvement are attained
above one hundred images. Due to the non-perfect tracking of the lunar movement, slight
changes in the observation geometry are possible when stacking the images. Images were
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Fig. 7 Left Example of a typical video frame (contrast is enhanced to maximum). Right Stack of 79 video
frames illustrating the benefit of stacking images for the identification of surface features in the Moon that
are illuminated only by the Earthshine

therefore registered to the first image of the stack (base frame). The sub-pixel shift of each
image relative to the first frame (base frame) was determined by fitting the correlation peak
obtained in the Fourier space to a 2-dimensional Gaussian following Schaum and McHugh
(1996) and Baratoux et al. (2001). This approach is efficient when the expected shift
between two images is a small fraction of the size of the image (Schaum and McHugh
1996), which is the case here, and has been applied in a variety of contexts such as the
detection of glaciers of landslides movements (Casson et al. 2003; Berthier et al. 2005).
Smaller-scale lunar features are easily identified after application of the procedure (Fig. 7).
The accuracy of the positioning would be limited by the size of the flash, which is usually
spread over several pixels. To increase further the positioning, the signal of the flash is
fitted to a 2-dimensional Gaussian firstly for each frame (previously shifted to the base
image) where the flash is present and to the stacked frames.

The barycenter of the flash is given as the rounded to the nearest integer of the average
centers of the 2-dimensional Gaussian functions. An image with the flash represented as a
single illuminated pixel is then generated. We note that a possible mismatch may remain
between the barycenter of radiation and the actual position of the impact, which is of
critical importance for determining the position and of seismic source, and also for the
possible search of the associated new impact structure on LROC images. This possible
shift would result from the viewing angle of the expanding vapor plume and is maximum
close to the limb, where image resolution also strongly decreases. Such issue may be
resolved by using stereoscopic observations from observations made with distant tele-
scopes >50 km. The two flashes reported in this study are optimally situated on central
region of the lunar disk and this effect is neglected here.

Once the optimal image of the non-illuminated fraction of the Moon has been produced,
tie-points are manually selected with an image of the full-Moon. A ground-based image of
the Moon (4304 x 4307 pixels) obtained from telescopic observations was selected for
this purpose. The accuracy of the positioning would be limited by the size of the flash,
which is usually spread over several pixels. These ties points are then used to perform a
rotation, change of scale and translation transformation of the stacked frames and of the
frames on which the flash occurs (converted into a single-pixel flash) into this reference
geometry. This operation allows us to identify the faintest resolvable features in the
vicinity of the impact flash and to superpose directly the frames with the flash on the
reference image of the Moon, where surface features are then easily distinguished. The
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position of the flash may be then represented over high-resolution images available from
the Google Moon Web service, and selenographic coordinates may be also derived in this
way. The estimate of the positioning accuracy is calculated assuming that the center of
flash may be localized with an accuracy around 1 pixel, which corresponds to 5 km on the
central part of the disk.

3.2 Application of the Method

The spread of the each flash over several pixels and the Gaussian function which is
adjusted to the stacked frames are illustrated on Fig. 8. The stacked frames corresponding
to each flash is represented. Firstly the same procedure was applied separately on all video
frames where the flashes is observed, and secondly on the stack of these video frames. A
successful adjustment to a gaussian function has been done for only 2 video frames for the
flash 1 and 4 video frames for the flash 2. The estimated pixel coordinates for each video
frame and for the stacked frames are given in Table 4. Differences in positioning remain at

1.00 1.00,
Flash 1

0.95
0.90
0.85
0.80

0.75

0.7

1.00 1.00
Flash 2

0.95

0.90

0.85

0.80

0.7§

2

Fig. 8 Left shade surface representation of the intensity of the peak corresponding to the flash 1 and 2. Right
corresponding Gaussian fit of the peak used for the sub-pixel determination of the flash position at the
surface of the Moon
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Table 4 Pixel coordinates on the

video frames of the lunar impact Video frame reference Sample Line
flashes 1 and 2
Flash1
sf00030 100.51 195.22
sf00031 100.11 196.35
Stacked frames 100.44 195.56
Flash 2
sf00107 540.56 23.33
sf00108 540.48 23.33
sf00109 540.61 23.04
sf00110 541.23 23.22
Stacked frames 540.57 23.26

the sub-pixel level. This confirms that the uncertainly on the position of the flash is better
then one pixel.

The Figs. 9 and 10 represents the video frames where each flash reaches its maximum
intensity and the stacked images on which the position of flashes, as given by the center of
the gaussian function, is represented by a single illuminated pixel (in red). This images is
then warped to the reference image of the Moon. A final comparison with this pixel
positions on the reference image with high-resolution images of the Moon allows us to
determine precisely the position of the flash (Figs. 11 and 12). The coordinates of the first
flash are 08.15°£0.15°S 59.1° £0.15°E and those of the second flash are
26.83° £ 0.15°N09.16° 4+ 0.15°W, the uncertainty correspond to 5 km.

3.3 Implications for Lunar Seismology

As previously demonstrated by Yamada et al. (2011), the location of impact flashes greatly
improves the determination of the crustal structure of the Moon by future lunar seis-
mometers. The space/time location of the impact allows to reduce the uncertainty on the
seismic source location. In particular, the timing of the impact is determined to better than
0.05 s which is the usual sampling rate of broadband seismometers, and the depth of the
seismic source is known. Table 5 presents body wave travel time errors computed in
VPREMOON model (Garcia et al. 2011) for a 5 km epicentral distance uncertainty for
various phases at different epicentral distances. For such a small distance uncertainty, the
error induced on the travel times is a factor 6 smaller than the average 3 s travel time
reading error ascribed to body wave phases detected by ALSEP Apollo seismological
network (Gagnepain-Beyneix et al. 2006). So, the impact flash detection decreases
strongly the seismic source location uncertainties. Thus allowing a precise determination of
the internal structure from body wave travel times. In addition, the estimate of source
energy allows to infer intrinsic attenuation of seismic waves and its variations. Because
impacts are more easily detected by seismometers at short epicentral distances these
combined seismic wave/flashes observations would strongly constrain the internal structure
of the crust.
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Fig. 9 a Video frame of the flash recorded on February 6, 2013 corresponding to the maximum of intensity.
The flash is spread over several pixels (b). The position of the flash given as a single illuminated pixel is
represented on the stacked video frames

4 ILIAD Network of Observatories

Since 2005, U.S. Marshall Space Flight Center has detected more than 300 flashes (Suggs
et al. 2014). 240 of these detections were done from 2005 to 2011 (Only 126 with nec-
essarily quality for good analysis(Suggs et al. 2014, 2008, 2011a, b), because 294 nights of
observations was performed among 600 nights scheduled and both the conditions of ob-
servation of the Moon (Moon phases appropriate with lunar flash observations) and the
weather was favorable at the peak of major meteor showers during this period (Suggs et al.
2011a). Today, they have two observation centers (Alabama and New Mexico), which
allow them to observe during ~ 1 h/day when the lunar phase is around 0.1 and ~ 6 h/day
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Fig. 10 a Video frame of the flash recorded on April 14, 2013 corresponding to the maximum of intensity.
The flash is spread over several pixels (b). The position of the flash given as a single illuminated pixel is
represented on the stacked video frames

during a first or last quarter. Similarly, A project named MIDAS, which is the acronym for
Moon Impacts Detection and Analysis System was performed in 2009 by a Spanish team
from the University of Seville and Astrophysics Institute of Andalusia (Madiedo et al.
2009, 2013). According to statistics from NASA (Suggs et al. 2014, 2011a), there are on
average 2—4 flashes/h to detect during meteors shower and 1 flash/2 h in the case of a
sporadic impacts monitoring based on 752 h of lunar video observations performed over a
period of 5 years. From Brown et al. (2002), a meteoroid of 10 cm should fall on the
visible part of the Moon every day. As shown by Bouley et al. (2012), a meteoroid of this
size should produce a bright lunar flash with a peak V magnitude between 5 and 8
depending on velocity and density of the meteoroid.
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16 M. Ait Moulay Larbi et al.

Fig. 11 a Localization of the flash recorded on February 6, 2013 on a reference image of the Moon. The
video frame has been warped into the geometry of the reference image of the Moon. b Close-up view of the
possible position of the impact crater associated with the lunar flash. Background is given from SELENE
images available from the Google Moon website

To increase the number of detections, it is crucial to increase the observation time by
monitoring the Moon at different longitudes (see Fig. 2). This study shows that mid-sized
telescope with available time around the world may significantly contribute to this area of
research. Figure 13 illustrates how the setting of observatories for lunar flashes in more
than a dozen countries will allow to observe almost 24 h/day for a lunar quarter phase and
10 h/day for a 0.1 lunar phase. For this purpose, observatories in France, Morocco and
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Fig. 12 a Localization of the flash recorded on April 14, 2013 on a reference image of the Moon. The video
frame has been warped into the geometry of the reference image of the Moon. b Close-up view of the
possible position of the impact crater associated with the lunar flash. Background is given from SELENE
images available from the Google Moon website

Mongolia have started to developed a informal network of Iunar impact flashes monitoring
stations. The network has been named ILIAD, the acronym standing for Lunar Impacts
Astronomical Detection. The ILIAD network has also the objective to develop specific
techniques of observations and data processing for improving the localization of the flash,
which is critical for future seismological applications and for identification of new impact
structure on LROC images or other future lunar orbiter cameras (Fig. 1).
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Table 5 Seismic body wave travel time uncertainties due to 5 km impact mislocation, as a function of
seismic phase and epicentral distance (in degrees)

Body waves 10° (s) 30° (s) 60° (s) 90° (s) 120° (s) 150° (s) 180° (s)

P 0.65 0.62 0.52 0.42 0.3 0.15 -

S 1.12 1 0.92 0.72 0.42 0.25 -

ScS 0.03 0.04 0.15 0.2 0.25 0.3 -

PKP - - - - 0.13 0.11 0.03
Japan

Mongolia

IO Tajikistan
R

Armenia
I ston ia
[ -2 n ¢ - Morocco

Las Palmas

d Chile
Alabama
Phase 0.5 P New Mexico
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Fig. 13 Installing observatories for lunar flashes in more than a dozen countries.This Figure shows that
such collaborations will allow to observe almost 24 h/day for a lunar quarter phase and 10 h/day for a 0.1
lunar phase

5 Conclusion

The characteristics of the two first flashes detected by AGM observatory in Morocco have
been reported here. In addition to provide intensity and duration of the flash, and estimates
of the mass of the meteoroids, flash positions are reported using a new technique that does
not require the knowledge of observation geometry, and is only based on the identification
of lunar surface features illuminated by the Earthshine. This approach is currently limited
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to the observations near the new Moon, when the Earthshine is more intense, but may be
applied to a wider range of conditions of observations if more sensitive sensors become
available. Accuracy on flash positioning at 5 km levels are reported here. This effort goes
in the right direction for seismological applications but accuracy needs to be improved
further (to about 1 km) to produce useful observations for lunar seismology. Development
of larger sensors (with a larger number of pixels) would allow to increase further the
positioning accuracy. High-precision positioning is also important as it will offer the
possibility to compare new and ancient images of the Moon and look for the impact
structure associated with the lunar flash. Such an observation would allow for the first time
a direct estimate of the partitioning between the amount of the initial kinetic energy that is
partitioned into mechanical and radiative/thermal energy.

As mentioned, the observation of lunar-meteoroids impact flashes is motivated in the
context of projects for future lunar seismological networks, the exploration of the lunar
atmosphere mission, and the search for new impact structures on the lunar surface.
Presently, the only dataset of lunar meteoroids impact with the quality needed for mean-
ingful work on this subject is composed of only 300 flashes (not all with considerable
quality). To take advantage of the expected objectives in this area of research, more
permanent and automated monitoring stations must exist in other countries in addition to
those in North America and Spain. We therefore call for the development of an interna-
tional project (ILIAD—international lunar impacts astronomical detection) with the ob-
jective to develop lunar impact flashes monitoring programs in several stations around the
globe.
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