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Abstract

We present a new illumination modeling tool, called IlumNG, developed at NASA Goddard
Space Flight Center (GSFC). We describe its capabilities to enhance the analysis and calibration of
science data collected by planetary missions. We highlight these with examples making use of
lunar data, particularly the topographic and radiometric measurements collected by the Lunar
Orbiter Laser Altimeter (LOLA) instrument, with applications to radiometric measurements from
other LRO instruments as well. The unique features of IIlumNG are its accuracy and flexibility to
handle multiple types of observers and light sources, and its ability to accurately model both
singly- and doubly-scattered radiation to an observer.
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1. Introduction

The illumination conditions of planetary surfaces, particularly in their polar regions, can
have important implications for their thermal state and geological processes, and thus their
ability to retain certain volatile species over long time periods, as recognized early (e.g.,
Watson et al., 1961; Arnold, 1979).

The Lunar Reconnaissance Orbiter (LRO) has been studying the lunar poles since its launch
in 2009 (Chin et al., 2007), with a suite of instruments observing a broad range of energies
and spatial scales, from high-energy particles (Mitrofanov et al., 2010) to ultra-violet
(Gladstone et al., 2012), visible (Robinson et al., 2010), near-infrared (Smith et al., 2010),
thermal infrared (Paige et al., 2010b), and radio (Patterson et al., 2017) radiation. In addition
to the repeated imaging of the poles by the LROC WAC and NAC cameras (Speyerer and
Robinson, 2013) which provide ground truth but have limited spatio-temporal sampling, the
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topographic data acquired by the Lunar Orbiter Laser Altimeter (LOLA) have enabled the
simulation of the illumination conditions near the poles at any time and place for arbitrary
observers. For example, using LOLA topography, the permanently shadowed regions (PSRs)
of the Moon were determined through illumination modeling over a complete lunar nutation
cycle (~18.6 years; Mazarico et al., 2011).

Prior to the arrival of LRO at the Moon, ground-based radar data (Margot et al., 1999) and
temporally-limited lunar orbiter images from Clementine (Bussey et al., 2010) were used to
assess the illumination conditions at the poles. The impact on the architecture of future
surface exploration was also studied (Fincannon, 2008). The laser altimeter onboard the
Japanese mission SELENE acquired high-quality elevation data over hundreds of tracks near
the lunar poles, resulting in the first unbiased systematic study of illumination conditions
(Noda et al., 2008). The more extensive LOLA dataset has since allowed refined, higher-
resolution studies of permanent shadow, high- illumination sites, and scattering conditions
within PSRs (Mazarico et al., 2011). McGovern et al. (2013) performed simulations over a
wider area and made an inventory of the lowest-latitude PSRs, down to 58 latitude. The
LOLA data were also the basis for follow-up analysis on the most promising sites for future
exploration at the lunar poles (Glaser et al., 2014; Glaser et al., 2017). The elevation data are
also an important input to the planning for robotic or human surface mission scenarios (é.g.,
traverses), in particular in preparation for the NASA Resource Prospector mission
(McGovern et al., 2015; Otten et al., 2015).

Other illumination and thermal modeling tools exist (e.g., Paige et al., 2010a, 2013; Al<-
Lagoa et al., 2015; Kémle et al., 2017; Hu et al., 2017; Magri et al., 2018), but they are
geared towards simulating surface conditions rather than simulating observations from an
observer, as will be presented below. Stubbs et al. (2016) simulated LRO star tracker images
to determine potential contribution from surface-reflected light. Our software and its
capabilities evolved as a result of various analysis and mission-related needs over the past
few years. Since our original work (Mazarico et al., 2011), we expanded our studies to topics
of observation planning and context, data modeling, and data calibration, and here we
provide a brief overview. We have computed the actual illumination of the surface within the
LOLA FOV (Section 3.2), instead of relying on local time or solar zenith angle, in order to
understand its relationship to LOLA surface albedo measurements (Lemelin et al., 2016;
Fisher et al., 2017). Similarly, average illumination within the larger LEND (Mitrofanov et
al., 2010) footprint was computed to find a correlation with possible time-variable neutron
measurements. Our tool can also produce the time series of solar flux ratio received by
spacecraft orbiting any planetary body, which is used in the computation of solar radiation
pressure acceleration to integrate their orbit (LRO, GRAIL, etc.; e.g., Mazarico et al., 2017a;
Lemoine et al., 2014, see Section 3.3). We computed the incident radar flux on Mercury’s
north polar region at the times of Arecibo observations, in order to better understand the
signal quality over different quadrants, and assess whether low-signal areas were due to
signal strength or lack of sub-surface ice (Deutsch et al., 2016). Beyond Sun and Earth
visibility, we expanded the illumination sources available to include stars (to model UV
starlight input for LAMP; Section 4.4), Mars-shine and Mars thermal radiation (for Phobos;
Mazarico and Barker, 2018), etc. We computed scattering conditions within lunar polar
craters for comparison with anomalous LAMP data (Mandt et al., 2017). An important thrust
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for developing the observer and associated boresight capability was to understand the Lunar
Horizon Glow observations made by LOLA through its Laser Ranging telescope; although
the measurement is effectively only provided over a single large ‘pixel’, it was critical to
assess the actual scene within it, at sub-pixel scale, to calibrate and analyze the observations
(Barker et al., 2018, Section 4.2). Because the higher albedo observed by LOLA (Lemelin et
al., 2016; Fisher et al., 2017) within some lunar PSRs was not apparent in long-exposure
LROC images (Koeber et al., 2014), we also worked to simulate these images, obtained
under scattered light, to disentangle photometric effects from surface reflectance properties
(Section 5.3). We have used the boresight capability to assess the effect of surface roughness
and off-nadir angle on the spatio-temporal shape of return lidar pulses, for LOLA at the
Moon and MLA at Mercury (Cavanaugh et al., 2007). We have also used our tool to produce
realistic artificial data for geodetic simulations, particularly the landmark measurements
from camera images, as we can take into account both surface illumination and landmark-
observer constraints (e.g., Mazarico et al., 2017b, for OSIRIS-REX; similarly for the
proposed New Frontiers 4 CAESAR mission).

Here, we describe our latest advances in modeling capabilities, and how they enable these
new calibration, analysis, and observation planning tasks. Section 2 presents the concept for
modeling illumination with raytracing and discusses some of the implementation choices.
Section 3 shows some examples of direct illumination onto a surface or observer. Section 4
introduces simulations of singly-scattered radiation, such as for an orbiting sensor receiving
sunlight reflected off the surface. Section 5 discusses doubly-scattered radiation, adding
complexity to these simulations by considering scattering between surface points.

2. Theory and Implementation

2.1. Theory

The modeling of illumination is conceptually simple, with only two main tasks to be
addressed. First, the visibility between various points in space needs to be established, and
we do this through raytracing, which has a vast literature, particularly in computer science.
While our implementation makes use of some optimization techniques, these are not critical
to our modeling approach per se. The other part is the modeling of the absorption and
reflection of radiation off surfaces. That is, we want to accurately account for the
photometric properties of the surface.

As shown in Figure 1, raytracing is required to assess the existence of unobstructed lines-of-
sight between radiation sources and surface points on a planetary body, between points on
the body, and between surface points and an observer. With moving sources and observers
(in the reference frame of the body), most of these sight lines need to be computed
repeatedly. Although most light sources are extended sources, our raytracing computations
are limited to point-to-point boolean visibility. Thus, for an extended disc source such as the
Sun, we do not directly compute the percentage of the source visible from a surface point.
Instead, we discretize the source into individual point sub-sources, and perform raytracing to
each.

Adv Space Res. Author manuscript; available in PMC 2019 December 01.



1duosnue Joyiny YSYN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Mazarico et al.

Page 4

Figure 2 presents conceptual diagrams, both in map view and cross- section, of the geometry
for computing direct (Lg — O, Lg — Eg or Lg — Egvg), singly-scattered (Ls — Ey — O
orLs; — Exg — O) and doubly-scattered (Ls — E 4 Eqs — O) radiation.

We avoid simplifying assumptions on the photometric modeling to allow accurate
computations. For each reflection (or bounce), we evaluate user- defined photometric
functions to compute the intensity radiated in the out- going direction, given an incoming
flux, surface normal, and relative source and target positions. Depending on the application,
we may want to compute the radiation incident on a surface point directly from a source, the
radiation received at a surface point after reflection off another surface point, and what an
observer would receive in both of these cases.

Figure 2b shows the various vectors and quantities that enter the equations below which
describe how the irradiance incident on the surface and radiance onto the observer is
computed. The point P is within £, meaning only direct illumination is considered. The
point A is within £4¢ meaning both direct and scattered illumination need to be
considered.

The flux incident on A, from Lgis:
Fpy = Fycos(iy) = Fo(=8;-0y) (1)

where £ is the source flux (1365 W/m?2 at 1 AU for the Sun) and # is the incident angle of
the light on A;. The ‘hat’ notation indicates a vector with unity norm.

The (singly-scattered) intensity (with units of W/m?2/sr) received at the observer Ofrom A,

IS:

A
1 ~ ~ A
Irio = Fo?-fl(nl’ -5 V) @

where Ay is the surface normal albedo (i.e., the radiance factor at zero phase angle) at ~; and
f; is the photometric function chosen for A;. Its input parameters are three unit vectors
describing the surface normal at ~; and the incidence and emission vectors, respectively. The
three common incidence / emission ¢, and phase gangles can be obtained simply from these
given: cos(il) = — §1 . ﬁl’ cos(el) = ?1 . ﬁl’ cos(gl) = — §1 . @1 .

Similar expressions apply to £;5 and /;, for Py:

Fpp = Fycos(iy) = Fy(=8,-1y) (3)
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A
2 ~ ~ ~
Ipao = Fof f Ay =55, V) (4)

The flux incident on A, from light scattered by 7 is:

Frp = Ipcos(iy) Qpp =115(=8,-0,) Q, (5)
where /;5 is the intensity from AP, towards A~ given by:

A
1 ~ ~ o~
Iy = Fo7f1(“1’ —5pUp) (6

and Qq, is the solid angle of the P} element as seen from A,:

_dSjup -y

Q =
S

()

with @S the surface area assigned to A1.

The (doubly-scattered) intensity received at the observer Ofrom A, of radiation originally
reflected off P is:

A
2, A o
Ippo = 119 f Ay — 1. V) ()

The total intensity received by the observer Ofrom A, is:

Lo =10+ 1o 9)

2.2. Implementation

Our earlier work (Mazarico et al., 2011) relied on the pre-calculation and storage of the local
horizon at each surface location to speed the computations at each timestep. Most efficient
for simulating long time periods, it was based on gnomonic projection simplifications, and
thus implicitly required near-zero obliquity, and was thus applicable only to the immediate
polar regions of the Moon and Mercury. While it could be extended beyond this assumption,
computational gains may have diminished. Our new modeling tool makes no such
geometrical assumption, and uses double-precision ray-tracing. It was entirely rewritten in
object-oriented C++, and makes use of external libraries for efficiency. We leverage the
Computational Geometry Algorithms Library (CGAL; The CGAL Project, 2018; Tangelder
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and Fabri, 2018) to handle the raytracing. We use the SPICE toolkit by NASA’s Navigation
and Ancillary Information Facility (NAIF; Acton, 1996; Acton et al., 2018). We use
Libconfigto allow flexible configuration syntax and varied input formats that make our new
tool more versatile and able to inform a wider range of lunar and planetary science studies.

The terrain is constructed as an unstructured set of triangular elements, from any number of
basemaps given at different resolutions in different projections and which can be truncated
based on distance to the region of interest. An axis-aligned bounding box (AABB) octree is
then computed to speed up the raytracing algorithm. Surface normals and spatially-varying
albedo can be specified, and user-defined photometric functions (e.g., from the literature)
can be selected.

Although the program can be used for any airless body, we here focus on the Moon and
briefly discuss the available shape data for the Moon. The most accurate measurements of
lunar surface elevation were obtained by the LOLA altimeter, which could obtain altimetric
ranges globally, even in regions of permanent shadow. Its intrinsic geodetic accuracy makes
it the natural dataset to define a lunar reference frame, in concert with Lunar Laser Ranging
(Williams et al., 2008). However, it can lack in spatial coverage due to its narrow 5-beam
footprints in comparison to raster imaging capabilities of instruments such as the LROC
Wide-Angle Camera (WAC; Robinson et al., 2010) and Kaguya Terrain Camera (TC;
Haruyama et al., 2008). While at the poles (polewards of 60° latitude) the LOLA data are of
sufficient density to provide high-resolution maps, Barker et al. (2016a) combined the
LOLA and TC datasets into the highest-resolution near-global (60°S to 60°N) topographic
model of the Moon, named SLDEM2015, up to a resolution of 512 pixels/degree, equivalent
to approximately 60 meters/pixel at the equator. Both LOLA maps and the SLDEM2015
model are available on the LOLA Data Node of the NASA Planetary Data System (PDS,
http://imbrium.mit.edu/). We used these shape models in the work presented below.

The illumination sources can be specified as points, two-dimensional shapes (on a plane
always perpendicular to the line-of-sight) made of individual point sources, or three-
dimensional vertices (fixed in any SPICE-recognized frame). Their center is positioned at
every timestep according to a prescribed trajectory. This allows us to simulate illumination
from the Sun of course, and discretization of the solar disc into several hundred elements can
account precisely for limb darkening at any wavelength. We can also model starlight from
UV-bright stars, Earthshine, etc. Such sources may also be occulted by user-defined
ellipsoids (e.g., Mars for Phobos).

A number of outputs can be requested, such as the (boolean) visibility and the illumination
(percentage of flux visible) of the sources, incident flux on the surface and shadow height; at
every timestep or their average over the simulation period. Indirect illumination (/.e.,
secondary scattering) can be computed as well, provided enough spatial padding for the
scatterers’ illumination conditions to be robustly evaluated (discussed in more detail below).

Theoretical work of Li et al. (2008) showed that the farthest horizon distance for the Moon
would be around 300 km. Given this is a maximum, we can reduce computational costs in
regions where the horizon is closer, by using a pre-computed map of horizon distance.
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Figure 3 shows our determined maximum distance of the horizon over the whole Moon,
using 10 million points distributed evenly (on a spherical Fibonacci Lattice). We find a
global maximum distance of 299.8 km, in excellent agreement with Li et al. (2008), but
many regions with much closer horizons. This map is useful to optimize (restrict) the extent
of the surrounding topography considered in simulations.

While computationally expensive, this capability enables exact modeling of the geometry of
complex observations such as LROC long-exposure images of PSRs and LAMP data, as
discussed below. Under the same intent to closely reproduce the actual observation geometry
in our modeling, both direct and indirect illumination can be traced to any observer. Realistic
photometric functions (e.g., Shkuratov et al., 1997; Gaskell et al., 2008; Buratti et al., 2011;
Boyd et al., 2014; Sato et al., 2014; Barker et al., 2016b) are used to compute the intensity
received from surface elements. Moreover, we allow boresight vectors to be defined in a
SPICE frame (such as the LAMP instrument frame, fixed with respect to the telemetry-
defined LRO spacecraft frame). At each timestep, intersections with the octree are
determined and their illumination conditions, both direct and scattered, are assessed.

3. Direct lllumination

Various situations involving direct illumination arise in planetary science and exploration.
IIlumNG has great flexibility in what objects receive direct illumination. Any SPICE-defined
planetary body or spacecraft can receive direct illumination. Here we focus on the Moon and
various LRO datasets because of the high-resolution topography available from LOLA and
the wide array of instrument and observation types available.

Most previous work on illumination condition modeling on the Moon has focused on direct
solar input, primarily to investigate the presence of peaks of eternal light (Fincannon, 2008;
Mazarico et al., 2011; Glaser et al., 2014) or to map the PSRs (Bussey et al., 2010; Margot et
al., 1999; Noda et al., 2008; Mazarico et al., 2011; McGovern et al., 2013).

3.1. Incident flux on a surface region

We can of course address similar questions with our program, setting it up with only “direct’
evaluation points (£,) anda base shape model (W/;). For illustration purposes, we look at the
Faustini crater near the south pole of the Moon. Faustini is a ~50-km crater with a large PSR
on its floor (Mazarico et al., 2011). It is of similar size and age as the neighboring Haworth
and Shoemaker craters (Tye et al., 2015). It also hosts a ~9-km crater within its PSR; its
doubly-shadowed floor is even colder than typical PSRs, with a maximum temperature
<50K (Paige et al., 2010b). We use a resolution of 240 meters per pixel (m/px) in this
example. We used Figure 3d to determine that a 200 km surrounding region was sufficient
for our Faustini simulation to consider all possible obstacles near the horizon when
performing raytracing.

Figure 4a shows the incident flux on the surface computed at a specific timestep (August 29,
2012), while Figure 4b gives the visibility of the solar disc from the surface. In these cases,
the Sun was modeled as 100 discrete sub-sources with radiances totaling 1365 W/m?2 while
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accounting for limb darkening (the visibility is thus weighted by the limb-darkened
irradiance of each sub-source).

Figure 5 shows the same outputs, but using the Earth as a 3-dimensional illumination source
with 671 surface elements reflecting solar radiation to the Moon. In this case, the reflected
solar radiance is computed using a Lambertian approximation, with varying albedo to
represent continents and oceans.

3.2. Incident flux on a groundtrack

Another example is given as illustration of the *boresight’ capability. We simulate the
illumination of the surface that falls within the fields of view (FOV) of each of five detectors
of the LOLA instrument onboard LRO (Smith et al., 2010, 2017; Chin et al., 2007). Each
FOV was discretized into 50 boresights. The LOLA groundtrack during an LRO orbit
extends over thousands of kilometers and covers all latitudes, and a much larger spatial
extent is necessary compared to the previous example. Because we want to avoid the
computational burden of using as input a global shape model of the Moon even at ~240m/px,
we combine multiple basemaps of various resolutions. Within 30km of the groundtrack
(which can first be computed with sufficient precision for this purpose with a low-resolution
global lunar topog- raphy), a resolution of 128 pixels/degree (ppd ; ~240m/px at the equator)
is used; within 60km, 64ppd; within 120km, 32ppd; within 300km, 16ppd; and 4 ppd
beyond that (although not really necessary given the curvature of the Moon; Li et al., 2008).
Although it requires some additional preparatory work to setup such a multi-resolution base
mesh, it can significantly speed up the runtime, with reduced input data reading, memory
usage, and more efficient projection transformations and AABB octree creation.

Figure 6a presents the computation results, illustrated with the flux incident on the surface
within the fields of view of LOLA’s five receivers (averaging the 50 boresights).

3.3. Source visibility from Observer

Lastly, instead of evaluating the illumination of the surface, we can compute the visibility of
an illumination source from the perspective of an observer such as an orbiting spacecraft.
This proves especially useful for space- craft orbit determination (Mazarico et al., 2012).
One important perturbation on a spacecraft that needs to be accounted for when integrating
its orbit is the solar radiation pressure. It depends on the spacecraft’s cross-sectional area
and reflectivity properties, but also of course on the input solar flux. In eclipse or in “full
Sun’, its value is trivial (~1365 W/m? at 1 AU), but its accuracy in penumbra and during
umbra transitions requires precise modeling. For instance on the Moon, the difference in
eclipse timings between assuming a spherical shape and using the global LOLA model can
be as high as 200 seconds near the start/end of eclipse seasons. During the analysis of the
GRAIL Ka-band Range-Rate (KBRR) data to derive high-resolution lunar gravity field
models (Lemoine et al., 2014), such modeling actually proved necessary to avoid force
mismodeling which resulted in errors orders of magnitude above the noise level. We can
achieve a high accuracy using a 2D (or 3D) source by simply increasing the number of sub-
sources, rather than having to deal with disc/segment intersection as in our previous work
(Mazarico et al., 2011).
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In our processing of the LRO radio tracking data to derive high-quality ‘science’ orbits
(Mazarico et al., 2017a), we now use our illumination model to compute a history of solar
visibility observed at LRO. This is illustrated in Figure 7, which shows a single day-to-night
transition at grazing geometry (on October 11, 2016; 8~ 70.2°). In this case, a spherical
Moon of radius 1737.1 km (the average radius) or even 1738 km (the gravity reference
radius) would actually yield no partial obscuration of the Sun at all.

4. Scattered lllumination to an Observer

The computational results from the section above can be easily expanded to derive the
expected radiance received at an observer, using the photometric equations described in
Section 2.1.

4.1. LOLA passive radiometry

The radiance received by each of the five LOLA detectors, during the same orbit as in the
previous groundtrack example, was calculated and is shown in Figure 6b. In this example,
we use the photometric function 77, e, g) derived by Barker et al. (2016b) for that same
1064-nm wavelength. These modeled radiance values can be used to calibrate and analyze
the passive radiometry measurements obtained by the LOLA instrument since early 2014
(when not recording altimetric measurements due to loss of signal at high spacecraft
altitude). The raw measurements are considered ‘noise counts’ by the detector, but are
proportional to the number of photons, and thus converted to absolute radiance after detector
dark current and responsivity corrections and comparison with Kaguya Spectral Profiler data
(Barker et al., 2016b). Simulations such as that above can help calibrate and analyze these
measurements.

4.2. LOLA lunar horizon glow campaign

The illumination code has also been used extensively in the data analysis for the LOLA
lunar horizon glow campaign to look for forward-scattered sunlight from low-altitude
(<20km) exospheric dust grains (Barker et al., 2018). These LOLA observations require
slewing the spacecraft to point the High-Gain Antenna and co-boresighted Laser Ranging
(LR) telescope, on the anti-nadir spacecraft deck, toward the lunar limb just before sunrise
or after sunset.

The FOV of the LR telescope is large (~1.75°) and only sampled with a single effective
pixel, so the radiance measured cannot be directly interpreted because it typically
encompasses a large part of the sky and the lunar limb. A narrow band-pass filter around 532
nm is also present (matched to the laser wavelength of the Satellite Laser Ranging stations
for the 1-way ranging experiment; Mao et al., 2017). The fill factor of the limb within the
FOV and the coronal-zodiacal light (CZL) need to be modeled to assess whether or not the
LOLA measurement shows an excess signal indicative of lunar dust grains. In our analysis,
we create a simulated image by sub-sampling the LR FOV with 500 boresights. We
determine whether each boresight intersects the lunar shape model, and if not, what CZL
radiance it would measure using Large Angle Spectroscopic Coronagraph (LASCO) images
(Brueckner et al., 1995). We can also compute where the shadow boundary is along each
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boresight vector, an important ingredient necessary to compute the expected radiation
forward-scattered towards the observer by dust grains along that vector. For the boresights
that do intersect the surface, we can ascertain whether they fall onto illuminated terrain.
Because of the geometry, with LRO on the nightside of the Moon and the LR telescope
pointing towards the terminator, we really mean to verify that all the terrain is indeed dark as
expected. Figure 8 shows a typical example of a lunar limb observation, for an instantaneous
timestep (the scans normally last 100-150 seconds, involving many such timesteps) in which
no singly-scattered sunlight is expected to be reflected off the Moon into the LR telescope,
but there is a small amount of doubly-scattered light (see Section 5.1).

4.3. Framing Camera

The boresight capability can also be used to simulate images obtained by cameras onboard
spacecraft, including framing cameras. We illustrate this capability with the LRO star
trackers. These were used to investigate lunar horizon glow earlier in the mission, by
extracting limited image subsets at times when their FOVs covered the lunar limb in
favorable geometric conditions (Stubbs et al., 2016). We choose an image obtained with the
secondary star tracker acquired on 25 December 2013 at 2:45 UTC. Although the image is
only ~3,000 pixels, we conducted the simulation with super- resolution, by a factor of 10, so
that 100 simulated pixels can be averaged into a single actual pixel in order to avoid missing
finer topographic structures. This can also allow for more precise convolution of the camera
point-spread function for comparison with the acquired image.

Figure 9a shows the result of our simulation based on the highest-resolution topography
available (SLDEM2015, at 512ppd; see Barker et al., 2016a). It compares favorably with the
original image shown in Stubbs et al. (2016), but unlike the simulation result of Stubbs et al.
(2016) we do not find any pixel with (high-phase angle) singly-scattered surface radiation.
Instead, this appears rather to be due to doubly-scattered light at moderate (< 90°) phase
angles from distant high peaks where the first scatter is generally back toward the Sun and
the second scatter is to the camera (see Section 5.2).

4.4. Push-broom/push-frame Camera

LRO carries several passive instruments that use line array sensors to image the surface
thanks to the along-track motion of the spacecraft.

One such instrument is LAMP, which measures reflected light at UV wave- lengths
(Gladstone et al., 2010). It can use starlight as an illumination source to image the PSRs in
different spectral bands to identify the presence of water ice (Gladstone et al., 2012; Hayne
et al., 2015). The accuracy of the calibration and analysis can be aided by accounting for all
known discrete sources, rather than using broad sky sources as in Gladstone et al. (2012).
Here, we use a set of 1,000 UV-bright stars (P. Miles, personal communication) to model the
nighttime radiation collected by the 21 active LAMP pixels, with a timestep of 150
milliseconds to build an image of similar resolution as the LAMP science products ( 240m/
px). Figure 10 shows the results for Amundsen in April 2010. By conducting similar
simulations over a full year, we find that there is a seasonality to the flux predicted to be
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received by LAMP, with the January-July months receiving 20% more than the August-
December months due to the discrete distribution of the brightest UV stars.

5. Doubly-scattered Illlumination to an Observer

In this section, we increase the complexity of the modeling, by considering the light incident
on these same kinds of terrain from neighboring surfaces. In the case of high terrain, some
of these ‘neighbors’ can be distant (tens to hundreds of kilometers) which can considerably
increase the extent of the surface that needs to be considered to determine their own state of
direct illumination.

5.1. LOLA lunar horizon glow

While the LOLA lunar limb scans near sunset and sunrise do not show any contribution
from singly-scattered sunlight (Figure 8), we can use our modeling tool to assess the
importance of doubly-scattered illumination, whereby sunlight is reflected off a surface
point onto another location which itself is Visible to the spacecraft. These computations are
carefully conducted because of the complexity of the manual setup. Using the outputs from
the singly-scattered illumination simulation, we first derive a list of the surface points that
are visible from the raytraced boresight-surface intersections (for all timesteps of that scan).
We can then compute the visibility of the Sun from these neighboring points, and for those
sunlit neighbors compute the doubly-scattered radiance from them to the surface points
within the FOV and to the spacecraft (using Eq. 9; see a3/a4 panels of Figure 8 in
particular). As shown in Figure 8b, we find that the doubly-scattered light can normally be
ignored as it does not exceed 1% of the CZL level in the most optimistic cases. The range in
our simulation results is primarily related to the choice of the photometric function for the
surface, with some (e.g., Sato et al., 2014) yielding much lower levels than others (e.g.,
Boyd et al., 2014).

5.2. Framing Camera

Building on the previous LRO Star Tracker simulation (Section 4.3), we expanded the
selected topography around the near-limb region of interest falling within the star tracker
FQV, to allow the illumination state of all the ‘scatterers’ to be computed. Once we know
each boresight intersection point, its viewshed can be computed by looping through all the
scatterer points within the wider £;map and checking for direct line-of-sight. Observer-
received intensity can then be computed using exact photometric calculations and summing
over all scatterers. After a first pass with a low-resolution model to evaluate the surface
region contributing to the doubly-scattered intensity, we run with a full-resolution (512ppd)
lunar shape. The results are shown in Figure 9b—f. We find that much of the terrain on the
nightside of the terminator does get some limited amount of light scattered off neighboring
peaks and crater rims (Figure 9f), with one well-exposed 10x10km area dominating the
contributions. We note several areas in the image near the sky boundary that do receive
surface-scattered light of a level comparable to the surrounding CZL. Indeed, the warmer
pixel indicated by Stubbs et al. (2016) in the actual image may correspond to a particularly
strong doubly-scattered input from the most distant lunar surface within the frame.
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5.3. Push-broom/push-frame Camera

During the extended mission of LRO, ‘PSR imaging’ campaigns were conducted with the
LROC NAC instrument. Images were acquired with long exposures in order to map and
potentially identify the presence of volatiles hinted by several other LRO instrument
investigations (Zuber et al., 2012; Lucey et al., 2014; Fisher et al., 2017; Gladstone et al.,
2012; Hayne et al., 2015), morphologically and through albedo variations. One difficulty in
interpreting these images, particularly with quantitative analysis, is that the effective
illumination source within the PSRs is typically a sunlit crater wall, close-by and very
extended in terms of solid angle. It is not possible through intuition or simple calculations to
derive the flux estimate expected at the camera, at least with sufficient robustness to
ascertain whether observed brightness variations are albedo differences, and to derive an
absolute albedo. We show here the results of simulations for a set of 10 LROC NAC image
pairs acquired within the Faustini crater in August 2012 in this long-exposure mode. We
process and calibrate the LROC images starting from the level-1 (EDR) products and map-
project them into stereographic polar projection at a resolution of 50 meters/pixel. In our
simulation, we choose a timestep of 50 ms and reduce the ~2000 pixels of the NAC line
array to 60, to obtain a simulated dataset of similar resolution as the 50 m/px of our
projected LROC images. Figure 11 shows the results of our simulation for both the NACL
and NACR images, for both singly-scattered (Fig. 11a/b) and doubly- scattered (Fig. 11c/d)
radiation. These compare well with the actual LROC images, although the selected
photometric function is again important. We find that Boyd et al. (2014) performs the best,
allowing for the most linear transformation between actual and simulation pixel values.
Figure 12 shows a comparison of the simulated intensity and the LROC image data. After
estimation of a scale to absorb expected errors in photometric function and surface albedo,
the correspondence is excellent, with a correlation coefficient greater than 0.9. Some of the
remaining differences are likely due to the limited simulation resolution, and possibly from
camera stray light effects.

6. Conclusion

We have presented the theoretical background and outlined key features of our
implementation of an illumination modeling program designed and used at NASA GSFC,
called IllumNG. We have shown through a variety of examples how the modeling of
illumination conditions of the surface of a planetary body can bring valuable information for
the calibration, analysis, and interpretation of the data collected by science instruments.
Although our examples focused on the Moon and LRO, many similar problems can be
addressed across planetary science.
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Figure 1:
Block diagram showing the various interactions between objects necessary to compute the

illumination received at the surface or at an observer (O) from a number of sources. The

arrows indicate line-of-sight evaluations through raytracing. Datasets of various types,

Page 17

Ls: Light
Sources

points, and/or
2D sources, and/or
3D sources

Bo: Occultor
bodies
ellipsoids
- fixed in base frame - SPICE center and
- prepared from multiple body frame
shape inputs (resolution, - user-input axes

extent, projection)
- organized as AABB octree

resolutions, extents, and projections can be combined to create a single triangular mesh W,
to test against for raytracing. Any number of light sources (L) and occulting bodies (B,) can
be used. Either direct (£,) or surface-scattered (£g) input can be evaluated.
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Figure 2:
a. Map-view conceptual diagram showing that the region where direct and scattered

radiation is to be evaluated (£ ) is nested within the direct-only region (£,) and the overall
shape model (). b. Cross-sectional view of the geometry involved in photometric
computations. Line-of-sights (Lg — P, Lg — P, PL = P, PL — O, P, — O) may need
to be evaluated, and the photometric function evaluations at 7, and ~, will also involve the
surface normal unit vectors at these points, n, and i,. The point Ay is within £4 meaning

only direct illumination is considered. The point A~ is within £, meaning both direct and
scattered illumintion need to be considered. A; and A, are the albedos of A, and A, while
aS; and dS; are their respective surface areas.
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Figure 3:
Maps showing the maximum distance to the horizon from the surface of the Moon.

Computations were done at 10 million points evenly distributed over the Moon’s surface. a:
near-global map (80°S to 80©N), with a decimation factor for the points plotted of 33. b:
zoom of a around craters Campbell and d’Alembert, but at full resolution. c/d: North/South
polar regions (80°-90C latitude) in polar steregraphic projection, at full resolution.
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Incident flux (left, in W/m?) and solar disc visibility (right, in percent) of the Faustini crater
and surrounding area, on August 29, 2012 02:37 UTC. The map is shown in south polar
stereographic projection, with true scale at the pole and a reference radius of 1737.4 km.
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Figure 5:

Incident flux from Earth-reflected light (left, in mW/m?2) and sunlit Earth visibility (right, in
percent) of the Faustini crater and surrounding area, on August 29, 2012 02:37 UTC. The
map is shown in south polar stereographic projection, with true scale at the pole and a
reference radius of 1737.4 km.
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Figure 6:
a: Incident flux from the Sun onto the lunar surface within the LOLA FOV (top, in W/m2).

b: Radiance received by LOLA from sunlight at 1064 nm (irradiance 647 W/ /um)
reflected 0. the lunar surface within its FOV (bottom, in W/m2/sr/m).
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Figure 7:
Simulation of the percentage of solar flux received at LRO, on 11 October 2016. At that

time, the LRO orbit is grazing the Moon’s topography as seen from the Sun, and LRO
spends nearly 7 minutes in penumbra. The varying terrain elevation at the lunar limb creates
this complex time series.
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Figure 8:
a: Map view of the surface region observed by the LR telescope (magenta points are the

intersections of 500 boresights). Panels al and a3 show the Sun-to-surface (direct) and
surface-to-surface (reflected) incident flux, respectively. Panels a2 and a4 show the resulting
intensity observable by the LRO spacecraft (e.g., not facing away and with no obstacle in-
between) and falling within the LR FOV (at magenta points); these are the received singly-
scattered and doubly-scattered radiation, respectively. Only doubly- scattered radiation
contributes. b: Simulated image of topography (corresponding to the magenta points in a)
and sky within the LR FOV. The Boyd et al. (2014) photometric function was used. Axes are
in degrees, and the radiance values are given in terms of solar brightness (B, =

2.84.107 W/mP/sr/um at 532 nm). The Sun is just below the horizon. ¢: Same as b but with
the Sato et al. (2014) photometric function, illustrating in comparison with b the strong
dependence of modeling results on the assumed photometry.
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Figure 9:
a:gSimuIated LRO Star Tracker image (in pixel space), showing radiation re- ceived from
CZL and from singly-scattered sunlight from the surface. The original pixel resolution was
increased 10 times to capture subtle topographic features. b: Same as a but adding doubly-
scattered light originating from surrounding terrain outside the FOV. c: Same as b after
averaging the modeled pixels back to the original image resolution. d: Contour plot of the
distance of surface points seen in the image to the spacecraft, for context. e: Spatial map
view in cylindrical projection of lunar topography (grayscale) with superposed surface
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boresight intersection points within the image FOV. That is, we place the lunar surface
shown in a—d on a map. The color indicates the level of radiation doubly-scattered to LRO.
Note the color scale shows fainter values than in b—c. Black indicates no secondary
radiation. f: Same as e, but surface boresight intersections are now all magenta color. The
neighboring surfaces contributing doubly-scattered radiation are shown following the color
scale (showing the sum of radiation eventually arriving at LRO, through any surface
boresight point).
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LAMP measurement simulation (W/m2/sr/um)
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Figure 10:
Simulation of nighttime LAMP observations over Amundsen crater, using 1000 UV-bright

stars as illumination sources. The along-track spacing ~240m (150ms) is commensurate with
the map products created by the LAMP team (Gladstone et al., 2012).
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Figure 11:
Simulation of 10 LROC NAC image pairs (a: NACL; b: NACR) over the Faustini crater in

August 2012. The same maps are shown in c/d but with a lower and much narrower range to
highlight the scattered radiation. Projection is south polar stereographic.
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Figure 12:
a: LROC NACL image M1103240078L, resampled at 50m/px. b: Simulated image after

scale estimation. c: Direct comparison with a scatter plot, showing good linearity between
the two datasets. All values are intensities, in W/m?2/um/sr.
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