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Estimation of solar illumination on the Moon: A theoretical model
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Abstract

The solar illumination conditions on the lunar surface represent a key resource with respect to returning to the Moon. As a supplement
to mapping the solar illumination by exploring data, lighting simulations using high-resolution topography could produce quantitative
illumination maps. In this study, a theoretical model is proposed for estimating the solar illumination conditions. It depends only on the
solar altitude and topographical factors. Besides the selenographic longitude and latitude, the former is determined by the selenographic
longitude and latitude at the subsolar site, the geocentric ecliptical latitude, and the dimensionless distance of the Sun—Moon relative to
1 AU, which are function of time. The latter is determined by comparing the elevations in solar irradiance direction within 210 km in
which the topography might shadow the behind sites to the critical elevations determining whether the behind sites are shadowed or not.
Compared to Zuber’s model, the model proposed in this study is simpler and easier for computing. It is parameterized with selenographic
coordinates, elevations, and time. With high-resolution topography data, the solar illumination conditions at any selenographic
coordination could be estimated by this model at any date and time. The lunar surface is illuminated when the solar altitude is non-zero
and all the elevations within 210 km in solar irradiance direction are lower than the critical elevations. Otherwise it would be shadowed.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The solar illumination conditions represent a key
resource with respect to returning to the Moon. Because
the Moon’s spin axis is nearly perpendicular to the ecliptic
plane, it results in different lighting conditions at the lunar
poles. Areas which have low elevation, such as the floors of
impact craters, may never be directly illuminated by the
Sun, i.e. they are permanently shadowed, whilst regions of
high elevation, relative to the local terrain, may be
permanently illuminated (Bussey and Spudis, 2004). The
presence of hydrogen has been detected near the lunar
poles (Feldman et al., 1998, 2000). The areas with enhanced
hydrogen content are generally coincident with areas
permanently in shadow (Margot et al., 1999; Feldman et
al., 2001). The temperature in the permanently shaded
regions is low enough to trap water ice and other volatiles
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over the age of the solar system (Vasavada et al., 1999), and
the lunar rotation axis has been stable for at least 2 billion
years. If the hydrogen is in the form of water ice, it would
confirm the idea postulated by Watson et al. (1961) and
debated by many scientists since (Arnold, 1979; Butler,
1997; Starukhina, 2001; Hodges, 2002) that ice might exist
in lunar cold traps. Beside water ice, other volatiles might
also be enriched in permanent shadow at the lunar poles.
Reservoirs of volatiles in permanent shadows are scienti-
fically valuable and maybe a potential in situ resource for
future exploration.

The solar illumination condition is also an important
parameter for site selection, when considering a landing on
the lunar surface and building a lunar base. It impacts
heavily the landing of the lunar rover and the human
activities on the Moon. It should be considered in mission
timing, duration and return, as well as design of subsystem
(Kruijff and Ockels, 1995).

For these reasons, analysis of the lunar polar lighting
conditions using Clementine image data had been mainly
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made by Bussey and co-authors (Bussey et al., 1999, 2001,
2003, 2004, 2005; Fristad et al., 2004). In order to
definitively understand the lunar illumination environment,
more data are required. Wide area imaging coverage over
an entire year is necessary to identify all regions of
illumination extremes. But the data are yet not enough
for the global analysis. Additionally lighting simulations
using high-resolution topography could produce quantita-
tive illumination maps.

Zuber and Smith (1997) had proposed a theoretical
model based on the geometric characters of crater. They
term the horizon elevation required for permanent shadow
at the lunar south pole in the elevation angle, the
co-latitude, and the angular distance to the crater rim.
Compared with their model, the model proposed in our
study is simpler and easier to compute. It is parameterized
with selenographic coordinates, elevations, and time. With
high-resolution topography data, the solar illumination
conditions at any selenographic coordination could be
estimated easily by this model at any time.

2. Primary analysis

Solar illumination on the Moon is related to the solar
altitude and the lunar topography. The solar altitude is
required to determine the solar illumination condition at a
lunar site. It could be expressed as a function of solar
incidence angle, as follows:

.o

0= > i (1)
where 0 is the solar altitude; i is the solar incidence angle
for a horizontal plane on the lunar surface and could be
determined by the geometric relationship in the Su-
n—-Earth-Moon system (Fig. 1), as follows:
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In Egs. (3) and (4), Aao and ¢4 are the selenographic
longitude and latitude at the lunar site A; Ryoon 1S the
mean radius of the Moon; 14 and ¢4 are the seleno-
graphic longitude and latitude at the subsolar site,
respectively; Rgy, is dimensionless distance of the Sun—
Moon relative to 1 AU. The latter three parameters
could be gotten by celestial mechanics. All of them are
functions of time (Bretagnon and Francon, 1988; Cha-
pront-Touzé and Chapront, 1983; Meeus, 1991). There-
fore, the solar altitude is finally determined by the time, the
selenographic longitude and latitude at the lunar site A.
It could be simply written as § (14, @a, t), Where ¢ refers to
the time.

The solar illumination condition of a horizontal plane on
the lunar surface could be estimated from the equations
above. A horizontal plane is illuminated when the solar
altitude is non-zero and otherwise shadowed when the
solar altitude is zero.

Once the solar altitude has been obtained, the solar
illumination conditions of lunar surface could be estimated
from lunar topography. The high elevations of lunar
surface in solar incidence direction would shadow the lunar
sites with low elevation behind them (Fig. 2). As shown in
Fig. 2, the relationship between the radii of sites A and B
could be written as:

Ra
cos 0 = Ry (5)

measured point

subsolar point

Fig. 1. Schematic diagram of solar radiation incidence angle on the lunar surface. O is the geometric center of the Moon, plane KOQ is located on the
equatorial plane of the Moon, plane NO'P is parallel to the equatorial plane of the Moon, K and N are the projections of M on each plane, Q is the
projection of P on the equatorial plane of the Moon, £ KOQ and £ NO'P are the difference between the selenographic longitudes of measured point and
subsolar point, / MOK and / POQ are selenographic latitudes of measured point and subsolar point, respectively.
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Fig. 2. Arc 1 refers to a part of great circle passed sites A and B, the sun
light transfers from site B to site A; arc 2 is a part of great circle with a
mean radius, line BA is a tangent to arc | at site A; 0 refers to the angular
distance between the lunar sites A and B.

where R, and Rp are the lunar radii at sites A and B,
respectively; 6 is the angular distance between two lunar
sites in solar incidence direction.

Archinal et al. (2007) have developed a unified lunar
control network (ULCN2005) and Iunar topographic
model based on Clementine images and the previous
ULCN network, which had been derived from Earth-
based, Apollo photographs, Mariner 10, and Galileo
images of the Moon. Their model infers that the maximum
difference of radius is about 17.53 km, with the minimum
lunar radius of 1724.64km at the lowest lunar site
(48.90°N, 3.83°E) and 1747.49 km for the maximum lunar
radius at the highest lunar site (13.91°N, 97.68°E) related
to geometric center of the Moon. So, the maximum 6 is
about 8°, when R; and R, are 1724.64 and 1747.49 km,
respectively. The distance on the lunar surface correspond-
ing to 8° of the 6 is about 240 km estimated by tangent
relationship in Fig. 2. These infer that the maximum
distance between two lunar sites is about 240km in
estimation of lunar topographical shadow.

In practical application, it would be unnecessary to
calculate all the topographical influence within 240 km
radius. Statistical analysis of Clementine topography data
shows that the maximum difference of elevation within
240 km radius is about 13323.6 m, with the low elevation of
—6215.2m at 4.125°N, 139.375°W and the high elevation
of 7108.4m at 2.125°S, 139.375°W. Considering the
angular diameter of the Sun, such a difference of elevations
infers about 7° of 6 is enough for estimating lunar
topographical shadow. In the area with 8<7°, the sites
might be shadowed by the front-sites in solar irradiance
direction, if elevations of front-sites are high enough.
Corresponding to 7° of 0, the distance on lunar surface is
about 210 km. Therefore, it is enough to take the elevations
within 210km in solar irradiance direction into account
when estimating the lunar topographical shadow.

Moop

Fig. 3. O is the geometric center of the Moon, plane KOQ is located on
the equatorial plane of the Moon, plane NO'B is parallel to the equatorial
plane of the Moon, K and N are the projections of A on each plane, Q is
the projection of B on the equatorial plane of the Moon, / KOQ and
£/ NO'B are difference between the selenographic longitudes of lunar sites
A and B, £ AOK and £~ BOQ are selenographic latitudes of lunar site A
and B, respectively.

The lunar radius could be expressed as the sum of the
mean lunar radius and the lunar terrain elevation. Hence,
Eq. (5) could be written as follows:

];gnoon + HA (6)
moon + H
where H, is the elevation at lunar site A; H is the critical
elevation at the other site; 6 could be determined by the
selenographic longitude and latitude of lunar sites A and B
(Fig. 3), as follows:

cos 0 =

cos 0 = —sin @, Sin Qg + COS P, COS Py
X cos(Aa — Ag) 7

where A, @a, /B, and @p are the selenographic longitude
and latitude of lunar sites A and B, respectively.
Therefore, the following equation could be derived from
Egs. (6) and (7).
Rmoon + HA
—sin @4 sin @ + cos @, cos @y cos(1y — 4p)
- Rmoon (8)

Eq. (8) infers that A is a function of Ha, Aa, @a, A, and
¢p. By comparing the elevation at site B to the critical
elevation, it could be estimated whether the lunar site A is
shadowed by the frontal site B or not. The site A would be
shadowed when the elevation at site B is higher than H,
otherwise it is illuminated.

3. Model description

According to the above analysis, the solar illumination
condition on the lunar surface is controlled by the solar
altitude and the topographical shadow. To describe the
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solar illumination condition mathematically, the solar
altitude factor (fs) and the topographical factor (ft) are
defined as follows:

; 0, =0
fS( “Aa(pAﬂt) = 1’ 5>0 (9)
0, Hg=H
fz(;‘A3 qDAaHA, )”Ba qDBa HB) = 1’ HB<H (10)

where 6 and H are determined by Egs. (1)~(4) and (10),
respectively; Hg is the elevation at lunar site B. fs is a
function of the time, the selenographic longitude and the
selenographic latitude at the lunar site A. And ff is a
function of the selenographic longitude, the selenographic
latitude, and the elevation at the lunar sites A and B.

Finally, the solar illumination model could be simply
expressed as follows:

F:fS(;{A, @A!t) Xft(iAa QDA:»HA,)LB’ ¢B7HB) (11)

The solar illumination condition could be inferred by
Eq. (11). It is a function of the time, the selenographic
longitude, the selenographic latitude, and the elevation at
the lunar sites A and B. The lunar surface is illuminated by
the Sun if Fis 1, and shadowed when F is zero.

4. Conclusion

Solar illumination on the Moon is controlled by the solar
altitude and the lunar topography. Based on the solar
altitude, solar illumination condition of lunar surface is
determined by comparing the elevations within 210 km in
solar irradiance direction to the critical elevations. The
solar altitude and topographical factors are introduced to
simply describe the solar illumination model. This model is
parameterized with selenographic coordination, elevations,
and time. With high-resolution topography data, the solar
illumination conditions at any selenographic coordination
could be estimated by our model at any time. The lunar
surface is illuminated when the solar altitude is non-zero
and all the elevations within 210km in solar irradiance
direction are smaller than the critical elevations. Otherwise,
it is shadowed.
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