Radiance Values Inside Lunar Caves and Lava Tubes
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ABSTRACT

There is currently a growing interest for the in-situ robotic and human exploration of the Moon’s surface and subsurface.
In particular, several mission concepts foresee the exploration of lunar caves and underground structures like e.g. the
lava tubes, (i.e. conduit formed by flowing lava from a volcanic vent that moves beneath the hardened surface of a lava
flow) and other depressed morphologies such as permanently shadowed craters which could present in situ resources
such as water ice. Given the limited onboard resources of these missions and extreme illumination conditions ranging
from sunlight to complete darkness, the cameras might be capable of operating without the support of any artificial
illumination system. This paper studies the radiance properties of a set of different lunar cave pits as illuminated
uniquely by the sunlight for different Sun elevations above the Moon horizon and permanently shadowed craters such as
Shackleton’s interior. This is as an endmember for complete darkness of extreme importance because it could be a cold
trap for volatiles and a potential future human exploration target. The simulations are carried out using the OpticStudio
ray tracing software and a Lambertian scattering model of the cave pit walls. The radiance maps within the caves can be
used by the scientific community to estimate the typical Signal to Noise Ratio (SNR) of the required observations with
optical cameras deployed on the lunar surface. This is accomplished both for directly illuminated, penumbra and umbra
regions of the cave pit. We believe that the proposed investigations are of wide interest for the future missions to the
Moon and its robotic and manned exploration.
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1. INTRODUCTION

The revived interest for the robotic and human exploration of the Moon is leading to innovative mission scenarios and
new Moon-based infrastructures for human life support systems, in-situ energy identification as well as raw materials
extraction and research facilities [1]. The lunar gateway [2] will be the first step bringing humans back to the Moon
surface and paving the ground for the permanent exploration of our satellite. In this context, many scientific missions
will deploy optical instruments on the Moon surface. Among them some will be craned down or rolled off a lunar cave
for in situ 3D mapping and rock sampling [3]. The lunar environment is harsh and poses several constraints on the
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scientific mission design. An example for the instrumentation to explore the lunar caves is the limited amount of onboard
energy available to the payload. The optical cameras craned down into the lunar caves shall be capable of operating
without any artificial light source to illuminate the scene, which has conditions that can range from full illumination to
complete darkness in a few meters. To reach a good Signal to Noise Ratio (SNR) within an exposure frame is therefore
pivotal to understand the level of natural illumination within the cave. Indeed, the cave walls can be either directly
illuminated by the Sun or indirectly illuminated as a result of the scattering of the sunlight by a fraction of the pit wall
towards another. A similar condition is most likely present on permanently shadowed craters. The level of natural
illumination within a lunar cave can be described mathematically by the radiance which is a radiometric parameter that
represents the radiant flux emitted or reflected by a surface, over a unit solid angle and a unit projected area (W m-2 sr1),
The optical ray tracing simulations with a software like OpticStudio can reproduce typical caves’ environments by
modelling the cave optical surface properties in terms of their reflectance and scattering as a function of the wavelength.
In this paper we report the radiance estimates for a set of nine different lunar caves. For each cave we quantify the
expected radiance both for the side directly illuminated by the Sun and for the one in the shade. We then refer all these
observations to an extreme case of a well-known permanently shaded depression such as the interior of Schackleton
crater at the lunar South Pole as an endmember, although not being a lunar cave. This study can be used as a starting
point for the evaluation of the instruments performance like the expected SNR and the suitable exposure time for the
scientific frames in extreme lighting conditions.

2. THE LUNAR CAVE SCIENCE AND PERMANENTLY SHADOWED CRATERS

The discovery in 2009 of the Marius Hills 65 m-size skylight with the JAXA/SELENE-Kaguya Terrain Camera [4]
opened new questions on the existence [5] formation processes [[6][7][8]], size and stability [[10][8][9]] of underground
voids related to drained lava tubes. Before such direct proof, the existence and entity of such voids has been inferred to
be up to hundreds of meters in height. This has been derived through i) radar sounder measurements at several locations
(including Marius Hills [5]), ii) gravity mass deficits with GRAIL [11], as well as iii) comparative planetology with
morphometric analysis of Earth analogues [8]. In particular, their stability has been addressed by structural stability
models [[10][9]] suggesting that, theoretically, under lunar gravity conditions voids up to 1 km across can be stable
under roofs with a maximum thickness of only a few meters. After Marius Hills and several other skylights discovery,
such roof geometry has been imaged at different phase and incidence angles by NASA/Lunar Reconnaissance Orbiter
Narrow Angle Camera. This wide imagery dataset showed that the lava-tube roofs are often overhanging and formed by
several meter-thick layers of lava flows [12]. Therefore the accessibility of these caves could potentially provide, as in
Earth analogues, stable temperatures with little to no variation across day and night cycles, micrometeorites impacts and
shelter from radiation. The only known access to these voids are vertical shafts with overhanging roofs [19], whose
thickness is variable. Nevertheless, a quantitative estimate of the environmental conditions, such as the illumination of
these voids as well as their stability remains largely theoretical or inferred from comparative planetology (e.g. [13]).

In addition to all the above questions related to environmental and, eventually, habitability conditions, the in situ analysis
of such pits could provide the possibility to derive an extremely important scientific return, during both the first close
approach and the descent phase down the vertical shaft (e.g. [15]). Indeed, along the walls, the analysis at close-range of
the stratigraphy of the stacked lava flows (which is present and well-visible as in [12]) will provide more insights both in
terms of morphological characteristics of the lava layers, presence of paleoregolith, fracturing and compositional
diversity. The reach of the bottom of the collapse pit and the possibility to assess environmental and morphological
conditions of the underground tunnel is also of equal importance. Moreover, investigating the presence of volatiles and
cold traps bearing water ice is pivotal for In-Situ Resource Utilization (ISRU) and further exploration. Hence, the
accessibility and trafficability of such underground voids in the Moon globally harsh environment forces to carefully
analyze the radiation environment, which is tightly connected and dependent on the illumination conditions inside such
collapse pits. This impacts not only the thermal environment and the performance of the robotic systems but also it
constrains how the payload needs to be designed and calibrated to perform effective and meaningful observations.
Permanently shadowed craters are another extremely important case study where the techniques hereby exposed can be
successfully applied and of extreme utility. Indeed these craters, which are present -for example- around the lunar South
pole never receive direct sunlight and their only illuminated part is their inner rim until a certain depth threshold.
Shackleton Crater [16] a ~20 km crater roughly coinciding with the lunar south pole, is a beautiful example of such type
of craters. These are of extreme importance as they can represent “cold traps™ for volatiles and water ice that could be
exploited in future exploration. Moreover, they offer an effective endmember for studying such types of illumination



conditions and calibrate exposure and SNR time in order to obtain a meaningful instrumental performance for scientific
investigation [17].

3. RAY TRACING SIMULATIONS

The approach followed to retrieve the radiance within the Moon cave pits is based on three different software tools. Once
the collection of the lunar caves (see Table 1) has been recognized, the typical Sun elevation during a lunar cycle is
calculated using the Systems Tool Kit (STK). The visibility between the Sun and a topocentric observer placed on the
Moon surface in correspondence of the cave latitude and longitude is calculated by STK and the Sun elevation is stored
with a time sampling of 5 minutes. An example of such a dataset for the Lacus Mortis cave is shown in Figure 1.

Place-LacusMortis: Lighting Times - 26 Apr 2022 11:02:48

umtra | N1 | [ H=H]| | =] | = O e ] | | | e Y ] |

pewmoa - YW WY WY O YVYWY Vv Vv v VvV VY VY . vVv.w v vvvy vV ¥V V

swugn | B 2 B0 B SHREIE SHEHs | ik 2 BEE S 3= = Bhes 5 eEE | B £ deHE £ EHeE RN
t t t T f t t t t t t t
May Jun Jul Aug Sep Oct MNov Dec Jan 2026 Feb Mar Apr
2025 Time (UTCG)
Sunlight (UTCG) Penumbra (UTCG) Umbra (UTCG)

Place-LacusMortis: Solar AER - 26 Apr 2022 11:01:41

152588
3501 E

- /)Z/\% NMUA Y AL A A=
s rAvAvAY, /7\7%\/ UL

=]
2 o
=) 51
<:E / ¥, / 7 / 3 5
E i V. / f 7z ; / 7 i 1.480e8
F 7 f y / NN 7 / E 7 5 i 4 I-1.485¢8
£ I i r 7 |
50 i f rfi = \._\ {f - { / e // 4 Eqataums
(B A \ / \\ / N ?1_47533
E WAL \‘/[ 3147088
50 | . ; =
i ot Jan 2026 P
2025 Time (UTCG)

— = —
Azimuth (deg) Elevation (deg) Range (km)

Figure 1 Example of dataset retrieved with STK: the software calculates the intervals of visibility between the Sun and the lunar
observer at the cave (top) and the Sun coordinates in the lunar surface topocentric reference frame.

The Sun elevation data are used to model the light source orientation with respect to the cave pit in the OpticStudio ray
tracing simulations. Each cave pit is modelled in a non-sequential OpticStudio design containing: the cave itself, an array
of detectors (360 units) a light source (the Sun) and the cave outer funnel. The geometry of the different cave pits is
reported in Table 1, they are represented either as cylinders or as elliptical cylinders. The position on the Moon surface of
the caves is shown in the projection map of Figure 2. The base of the cave is represented as a slightly concave surface
with a large radius of curvature (100m-200m). The cave pit, the base and the outer funnel have a Lambertian scattering
profile with an albedo of 0.15 [18] and a gray reflectance profile (no wavelength dependance). The light source
representing the Sun has flux of 1400 W/m? at 550 nm and its rays are traced for each elevation point equal or greater
than 1 degree. The array of detectors populates the whole cave pit circumference and it extends vertically for the whole
pit’s depth. The detector array is placed 0.5 m inward with respect to the cave pit. For each Sun elevation position a
complete ray tracing is run and the array detector data are collected and stored. The detectors settings are set in order to
get only the back-scattered light from the pit walls and not the direct (unscattered) Sun light. Given the large amount of



Sun-to-cave configurations and the multiplicity of the caves, the simulations are automated using the Matlab ZOS-API
functions that enable to drive OpticStudio from a Matlab environment where the different configurations can be accessed
in a for loop. The orientation of the cave major and minor axes with respect to the lunar north has not been taken into

account to limit the degrees of freedom of the simulations.

Table 1 Selection of lunar caves and the permanently-shaded Shackleton crater with their location and geometric parameters
investigated in the current study. Adapted from [19]. In this study we have assumed the average depth value for the pits and funnel

when a range of values is given.

Caves location Coordinates Pit Outer funnel
Latitude, Longitude | Diameter(m) - Depth(m) | Diameter(m)-Depth(m)

Lacus Mortis 44.962, 25.61 140x110 - 80 280x210 - 35
Central Mare Fecunditatis -0.917, 48.66 130x110 - 30 190x160 - 15
Mare Tranquillitatis 8.335, 33.222 100x88 - 105 170x150 - 5-9
Mare Ingenii -35.948, 116.053 100x68 - 45-65 160x130 - 15-20
Southwest Mare Fecunditatis -6.752, 42.759 16x14 - 35 60x55 - 40
Marius Hills 14.091, 303.23 58x49 - 40 70x80 - 4-10
Hayn 64.6, 89.9 20x16 - 6 none
Schliiter Crater -5.839, 276.95 40x40 - 25 55x55 - 15
Permanently shadowed Coordinates Permanently shadowed | Outer illuminated rim

craters

crater portion

Shackleton Crater

-89.9 - 0.0

15000x15000 - 3000

21000x21000 - 1000

Figure 2 Position on the Moon surfac of the cave pits considered in the study. The Shackleton Crater at the Sou Pole is not shown

on the map.

The cave funnels and impact crater rims can have different shape profiles [19] that for convenience we have split into
two main categories: an inner sloping funnel and a torus-like funnel as shown in Figure 3.




Torus-like outer funnel Inner sloping outer funnel

Figure 3 Two types of outer funnels geometries are simulated for the lunar pits, an inner sloping (right) and a torus-like rim (left).

4. RADIANCE WITHIN THE LUNAR CAVES

In this section we report the core of our findings retrieved using the simulation architecture that we introduced in the
previous paragraph. As already mentioned, the surfaces of the cave walls, base and outer funnel have been described by a
Lambertian scattering profile with a 1-to-1 probability ratio between parent and child ray, i.e. one incoming parent ray
being scattered creates a scattered child ray towards a random direction with a unitary probability. The Lambertian
model has no privileged direction of scattering and it is not influenced by the angle of incidence of the incoming ray.
This behaviour is per se ideal since every material shows a residual preferred scattering direction towards an angle
specular to the incoming ray angle of incidence. However for a rough material as the lunar regolith this scattering model
assumption seems to be a good approximation of the real scenario. The threshold of ray traceability into the system is set
to 10°%: when the intensity of the scattered/reflected child ray reaches a relative ratio of 106 with respect to the initial,
parent ray its propagation within the system is terminated. Considering the albedo of the cave surfaces at 0.15, the child
ray is terminated after ~7 consecutive reflection/scattering events with the cave walls. The output of the automated
Matlab ZOS-API procedure is a dataset of radiance maps within each cave as a function of the Sun elevation. An
example of such maps is given in Figure 4. The unfolded map can be subdivided into two regions: the sunny side which is
directly illuminated by the Sun, and the shade side which is illuminated only in virtue of the scattered sunlight by the
sunny side of the cave.

Sunny Shade

Figure 4 The detector array that covers the whole circumference of the cave pit is unfolded to create a projected radiance map of the
cave pit where the sunny and shade regions are disentangled and suitable for a precise measurement and statistics of the radiance
values in the two opposite regions.

The radiance of the cave pit walls during a two weeks period of direct sunlight illumination (Sun elevation > 1 deg) of
the caves is reported in Figure 5 and Figure 6 for the sunny and shade side respectively. The figure of merit assumed for
the analysis is the average value of the radiance in the two opposite sides of the cave pit.
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Figure 5 Average radiance from the sunny side of the cave pit during the two weeks of direct sunlight illumination. The shape of the
radiance profile is strongly influenced by the Sun elevation.

Radiance pit walls, W m< st

Shade side

25

S)

N
tn

-

0.5

—Lacus Mortis

——Mare Ingenii

——C. Mare Fecunditatis
Mare Tranquillitatis

——SW Mare Fecunditatis
Marius Hills

—Hayn

——Schliiter Crater

10

Time, days

15

Figure 6 Average radiance from the shade side of the cave pit. The radiance of the shade side is entirely due to the sunlight scattered
or reflected off the sunny side of the pit. The variation of the radiance profile among the different caves is less pronounced with

respect to the sunny side (Figure 5).

The shape of the profile of the radiance of the sunny side is strongly influenced by the Sun elevation (Figure 7). The
caves undergoing a high culmination of the Sun like the C. Mare Tranquillitatis, Mare Tranquillitatis, Schluter Crater,
SW Mare Fecunditatis and Marius Hills, show a double-peak profile of the radiance with time. Caves like the Mare
Ingenii, Hayn and Lacus Mortis experience a lower elevation of the Sun at its culmination point and they present a
smoother flat top-hat profile of the radiance from their sunny side. The Sun elevation therefore carves the profile of the



radiance from the sunny side of the pit. The behaviour of the radiance profile is confirmed also by the use of the median
instead of the mean. The difference is well visible by comparing the Schliter and Hayn Craters reported in Figure 8.

90
——Lacus Mortis
—C. Mare Fecunditatis
80| Mare Tranquillitatis | |
——Mare Ingenii
70F ——SW Mare Fecunditatis| |
Marius Hills
. |—Hayn
60 - \ \ - - ~Schliiter Crater B

Sun elevation over cave, deg
w £y wn
o o o

)
(=]

10

Time, days

Figure 7 Sun elevation path as seen from a topocentric observer at the different cave locations. The caves at Lacus Mortis, Mare
Ingenii and Hayn experience a systematically lower Sun elevation.
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Figure 8 The difference in the radiance profile of the sunny side of the cave pits induced by the Sun elevation excursion is well visible
in this comparison between the Schliiter crater (double-peak) and the Hayn crater (flat top hat).

The plausible link between the radiance values and the Sun elevation that manifests as a marked difference between the
double-peak and flat top-hat profiles is graphically reproposed in Figure 9 for three Sun elevation points. When the Sun
culminates almost at the Zenith (as for the C. Mare Fecunditatis, top of Figure 9) the direct illumination of the cave pit is
basically zero and the light pool from the sun is projected only onto the cave base floor. This configuration is responsible
for the drop in the double-peak profile of the radiance graphs in Figure 5. For smoother Sun paths over the cave like the



Hayn Crater and Lacus Mortis (centre and bottom of Figure 9) a certain portion of the cave pit is more constantly
illuminated leading to the flat top-hat profile.
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Figure 9 The Sun culmination points close to the Zenith illuminate only the base floor of the cave leading to a decrease of the scattered
light from the cave pit walls as shown at top plots belonging to the C. Mare Fecunditatis. When the Sun is systematically lower as for
the Hayn (centre) or Lacus Mortis (bottom) craters the fraction of the cave pit directly illuminated is more constant.

As previously stated, for the caves with an elliptical shape the orientation of the cave major and minor axes with respect
to the lunar north has not been taken into account, limiting the study of the radiance properties with the Sun elevation
only. However for the most elongated cave of our ensemble (Mare Ingenii Crater) we have run two simulations with
opposite orientation of the cave semi-major axis with respect to the Sun, see Figure 10. The variation of the radiance of
the sunny side in the two opposite configurations is in the order of ~27%. The variation of the shade side is more
contained, about 15%. The amplitude and the variation of the radiance variation is therefore driven predominantly by the
Sun elevation.
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Figure 10 Comparison between the two extreme Sun-to-cave orientation cases for the Mare Ingenii cave. On the left side the Sun rays
are orthogonal to the semi-major axis of the cave while on the right side the rays are parallel to the semi-major axis. The relative
percentual difference in the radiance values is about 27%. The variation of the radiance on the shade side is smaller, about 15%.

The dependence of the radiance within the pit on the outer funnel geometry (inner sloping in or torus Figure 3) is studied
in Figure 11. The change of the radiance from the shade side is very limited while the simulations suggest that the
radiance of the sunny side is systematically higher for low and intermediary Sun elevations in the presence of a torus-like
rim of the outer funnel and systematically slightly lower for high Sun elevations.
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Figure 11 Simulation of the Schliter Crater for different rim geometries: the radiance of the pit walls is higher for an outer funnel rim
with a torus like shape for low and intermediary Sun elevations. The situation is reversed for high Sun elevations where the rim with a
sloping in shape leads to a slightly higher radiance of both the sunny and shade sides.



An extreme case of study is represented by the Shackleton Crater located at the Moon South pole and seeing the Sun
under an elevation angle of maximum 1.5 degrees. The inner part of this crater never receives direct illumination from
the Sun [20] therefore it encloses a unique environment for scientific investigations. The sole radiation within the crater
comes from the light scattered by the rim of the outer funnel (sloping in profile). The inner walls of the crater are
modeled as a flared cylinder. The radiance map retrieved by the ray tracing simulation is given in Figure 12.
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Figure 12 Left: the Shackleton Crater is located at the Moon South pole and its pit never receives direct sunlight. The only light source
within the cave comes from the scattered radiation from the outer funnel. Right: statistics of the sunny and shade sides of the crater pit.
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A global view of the statistics of the radiance values for the different caves is shown in Figure 13. The variation of the
median of the radiance among in the different caves oscillates between 0.2-1 W m2 sr for the shade side and between
2-18 W m2sr! for the sunny side of the pit.
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Figure 13 Collective view of the radiance statistics within the cave pit for the sunny (upper) and shade (lower) side. The data
distribution is represented using a boxplot graphics showing the extremes of the range (top-bottom black bars) the 25 and 75 quantiles
(blue box) and the median (red line). Assuming the median as reference value, the variation of the radiance among the different caves
is relatively limited: the shade side oscillates between 0.2-1 W m-2 sr' and the sunny side between 2-18 W m-2 srt,



5. CONCLUSIONS

With this work we have provided a simulation scheme that combining three software tools (STK, OpticStudio, Matlab
ZOS-API) can setup an operational scenario to retrieve radiance maps within a lunar cave at any epoch. The ray tracing
segment that is the core of the simulation work has been modelled using a non-sequential representation of the caves and
a Lambertian scattering model of their inner pits. These results can be used as a ground for the SNR calculations of
whatsoever instrument let down into the cave. We envision a future extension of the current work by including some
scattering and reflectance profiles that mimic more faithfully the lunar regolith properties and the Sun emission
spectrum. The cave geometry can be further modelled in finer details using a step/cad file of the pit orography where
available.
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