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Effects of Temporal Sampling Interval on the
Moon-Based Earth Observation Geometry

Hanlin Ye"”, Wei Zheng"”, Huadong Guo

Abstract—The effects of temporal sampling interval on the
moon-based earth observation geometry are analyzed in this study
based on three observation angles, namely viewing zenith angle,
solar zenith angle, and relative azimuth angle. According to the
definitions of these three angles, the calculation method for these
angles and their variations between adjacent temporal samplings
are deduced. Furthermore, the effects of the different positions
of the lunar surface on the observation angles are derived. The
results show that the variations of the nadir point and subsolar
point determine the variations of the viewing zenith angle and solar
zenith angle, respectively, whereas the relative azimuth angle needs
to consider the relative variations of the moon-based platform’s
nadir point and the subsolar point. By evaluating the variations
of these three observation angles, it is found that the effects of the
temporal sampling interval will have significant impacts on the
relative azimuth angle of the observed points at mid-low latitude
regions, especially near the regions of the moon-based platform’s
nadir point and the subsolar point. In conclusion, the observation
angles can characterize the moon-based earth observation geom-
etry, and enlarging the temporal sampling interval will lead to
the obvious impacts on the observation geometry in the mid-low
latitude regions, especially the loss of the sampling of the relative
azimuth angle.

Index Terms—Moon-based earth observation platform,
observation angles, observation geometry, temporal sampling
interval.

I. INTRODUCTION

ANY countries and international organizations became
M interested in the development of lunar bases [1]-[4].
When a lunar base is finally established on moon, it will be used
in many aspects. A moon-based earth observation platform is
one of them [5].
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Observing the earth from the lunar surface can be dated
back to 1970s during the Apollo 16 mission [6]. The astro-
nauts deployed a far-ultraviolet camera on the lunar surface and
terrestrial atmosphere and the geocorona was observed [7]. As
an earth observation platform, the moon-based platform offers
particularities, relative to existing space-borne and air-borne
earth observation platforms, in that it allows a long lifetime,
whole disk view, and unique perspective observation of the earth
moon-facing hemisphere [5]. Thus, it is possible to observe
large-scale geoscience phenomena that have not yet to be solved
by existing earth observation platforms.

To utilize a moon-based earth observation platform, it is
necessary to study the moon-based earth observation geometry.
Some pioneer research works have been done. The studies can
be roughly divided into two categories.

The first category is the construction of the observation ge-
ometry and the effects of factors on the observations. The most
basic method to establish observation geometry is to unify the
coordinates of moon-based platform’s position and observation
target’s position into the same reference system. Then, the basic
model can further be improved according to the specific sensors.
Guo et al. [5] studied the observation geometry and proposed
scientific concept and potential applications of moon-based earth
observations. Johnson et al. [8] analyzed the observation geom-
etry of a moon-based platform and discussed the advantages and
constraints of the observations. Moccia and Renga [9] studied
the observation geometry of synthetic aperture radar (SAR).
Fornaro et al. [10] used a simplified Keplerian six-parameter
moon orbital model to develop the observation geometry of
SAR. Xuetal. [11]-[13] revealed the effects of earth’s curvature,
lunar revolution, and earth’s irregular rotation on the image
performance of a moon-based SAR by analyzing the observation
geometry.

The idea of the second category is the analysis of observation
geometric parameters calculated by the proposed model. The
core of these achievements is to attempt to make suggestions
to some important issues concerning the establishment of the
moon-based platform by analyzing the observation geometric
parameters. According to the analysis of spatio-temporal cov-
erage, the site selection issue of a moon-based platform is dis-
cussed. Ren et al. [14] proposed a moon-based earth observation
simulation system and evaluated the observation performance
of equipping sensors at different positions on the lunar surface.
Ye et al. [15], [16] analyzed the spatio-temporal coverage by
means of the numerical simulation so as to give suggestions to
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the site selection issue. Song ef al. [17] calculated the earth’s
outgoing radiation at the near side of the moon by using the
moon-based earth observation geometric model. Ye et al. [18]
evaluated the effects of platform’s position errors on geolocation
for a sensor and suggested that equipping sensors on the mid-
high region will have less effects than that on other regions. Dong
et al. [19] presented the calculation of spatio-temporal baseline
and effective spatial coverage of moon-based SAR repeat-track
interferometry according to the description of observation geom-
etry. By analyzing the line-of-sight vector error, the suggested
spatial resolution of a moon-based platform can be given. Ye
et al. [20] analyzed the pointing error of line-of-sight vector.
Guo et al. [21] revealed the relationship between the geolocation
error and exterior orientation elements’ error, giving guidance
to spatial resolution selection.

In addition to spatio-temporal coverage and line-of-sight
vector, the effects of the temporal sampling interval on the
observation geometry are also worth studying. To achieve this
goal, the main idea is to propose a set of indicators to characterize
the observation geometry first, and then, reveals its relationship
of the variations to the temporal sampling interval. In this study,
the observation angles including the solar zenith angle, viewing
zenith angle, and relative azimuth angle are selected to character-
ize the observation geometry for the observed point directly. The
observation angles are important parameters in earth observa-
tion. In the field of atmospheric science, the view zenith angle is
the main parameter to retrieval of the atmospheric composition,
such as the total ozone column [22], [23]. In oceanography,
observation angle will affect the retrieval accuracy of ocean color
and other related parameters [24], [25]. Besides, the observation
angle also plays an important role in the field of earth’s radiation
budget. The observation angular anisotropy must be considered
when transforming the measured radiance at a single angle to the
inferred hemispheric flux of leaving element [26], [27]. Thus,
the multiangular observations are helpful in characterizing a
variety of earth parameters. To investigate these parameters,
Guo et al. [28] presented the observation angular characteristics
of a moon-based platform. Pallé¢ and Goode [29] discussed the
possibility of earth’s radiation budget monitoring from the view
of observation angular sampling. These studies have provided
valuable insights for the observation angles.

However, there are few studies concerning about the ob-
servation angles and its relationship to the temporal sampling
interval. The observation angles for a moon-based platform has
distinct features. A moon-based platform can observe almost
the whole hemisphere of the earth, and the variation observa-
tion angles for every position in the observational scope are
contiguous. For each observed point, different positions have
different variation characteristics of observation angles. Another
important issue is the effects of temporal sampling interval on
the observation angles, which is also quite different from the
case of existing space-borne platforms. Large observation scope
will include more information. A moon-based platform provides
finite sampling interval observations, which essentially is the
sampling of the observation angles. Different temporal sampling
intervals will lead to different sampling of the observation angles
of the observed points at different latitudes. Larger temporal
sampling interval will lead to the loss of the observation angles.
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Therefore, it is necessary to analyze the effects of different
temporal sampling intervals on the observation angles and un-
derstand its impacts on the observation geometry.

Different from the previous studies, this study investigates
the variations of the observation angles and their relationship
to the temporal sampling interval. This research makes three
contributions. The first is to express the moon-based earth obser-
vation geometry by three observation angles. The definition and
relevant calculations of these observation angles are presented in
this study. Different from [28], which includes four parameters,
we reduce the solar azimuth angle and view azimuth angle to
the relative azimuth angle (i.e., the difference of above two)
and deduce theoretical expression. The second contribution is to
parameterize the observation angles and reveals the relationships
between observation angles of observed point and nadir point’s
position. This enabled us to characterize the spatio-temporal
distribution of observation angles and their variations relative
to the cases of the nadir point without heavy point-to-point
calculations. Third, the effects of temporal sampling interval on
these three observation angles are revealed respectively finally.

II. MOON-BASED EARTH OBSERVATION GEOMETRIC MODEL

The regular method of studying moon-based earth observation
geometric characteristics is to establish a moon-based earth
observation geometric model, and this requires parameterization
of the observation geometry, which are essentially the positions
of the moon-based platform and the points on earth. In this
section, since this study mainly focuses on the effects of temporal
sampling intervals on the observation geometry, the earth’s
topography and the atmospheric refraction are not considered
in this model.

A general earth observation geometric model typically starts
with the orbital and attitude information of the platform [14],
[20]. The sensor’s position and attitude are usually defined
in the geocentric celestial reference system (GCRS), which is
an inertial reference system, whereas the positions on earth
are defined in the geodetic reference system. Through a series
transformation, the sensor’s position and the positions on earth
are unified into the same reference system, i.e., the International
Terrestrial Reference System (ITRS). However, in the moon-
based earth observations, the geometric model is quite different.
The moon is a natural celestial body. Sensors can be equipped
anywhere on the lunar surface where the earth is visible. This
leads to the fact that the position of a sensor cannot be simplified
as at the barycenter of the moon, but on the surface of the moon.
It is just because of this distinction that makes the reference
system transformations involved in the geometric model more
complex. The determination of the platform’s position relies
on the astrometric theory. Furthermore, the precise descriptions
of the attitude of the moon and earth orientation need to be
considered due to the extremely long earth—-moon distance.

In the moon-based earth observation geometric model, six
main reference systems are involved, including International
Celestial Reference System (ICRS), GCRS, Selenocentric Ce-
lestial Reference System (SCRS), Moon-Centered Moon-Fixed
Reference System, and ITRS. Fig. 1 summarizes the general
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Fig. 1. General procedures of the moon-based earth observation geometric model.

procedures of the geometric model, including the required orbit
and attitude data and the detailed coordinate transformations.

The planetary ephemerides can be utilized to provide the
positions and attitude of the moon. There are some planetary
ephemerides published by different organizations [30]-[32].
The development ephemeris (DE) established by the Jet Propul-
sion Laboratory is one of the widely used ephemeris in the world
and is available via World Wide Web.! There are many versions
of this ephemeris, which are designated DEs (followed by a
number). We selected DE430 due to the improvements for the
orbit and attitude of the moon through use of additional Lunar
laser ranging data and improved lunar gravity field [33]. The
ephemeris DE430 is expressed in coordinates referred to the
International Celestial Reference Frame 2 (ICRF2), which is an
updated reference frame of ICRF. The ICRF?2 is the realization
of the ICRS. The origin of the ICRS is the barycenter of the
solar system, with the principle plane (i.e., XY plane) close to
the mean equator of J2000.0 [34]. There is a small shift between
the J2000.0 inertial reference system and ICRS, which can be
transformed by a constant matrix [35]. The corresponding time
system of DE430 is the Barycentric Dynamical Time (TDB)
[33]. For the lunar position, the coordinates derived from DE430
are tabulated as the origin at the earth barycenter, i.e., the GCRS.
Asregard to the attitude of the moon, it is parameterized by Euler
angles derived from DE430 [36], [37].

Earth’s rotation is not even. We utilized the earth orienta-
tion parameters (EOP) to describe the rotation irregularities
all together. There are five parameters in the EOPs including
universal time (UT1), coordinates of the pole (i.e., the two
parameters of polar motion), and the celestial pole offset (two
parameters relative to the IAU Precession and Nutation models)
[35], [38]. These five parameters associated with other relative
parameters provide the transformation matrices between the

![Online]. Available: ftp://ssd.jpl.nasa.gov/pub/eph/planets/.

ITRS and GCRS as a function of time. The EOP can be down-
loaded from the website.?

The coordinate transformations have three important com-
ponents, which includes the sun, earth, and moon. All the
transformation processes aim to transform the position of the
sun and the moon-based platform into a unified reference system
at a specific time. For convenient calculation of the observation
angle, we transformed the positions into the ITRS. The ITRS
is an earth-centered rotating reference system that is suitable
for describing the earth’s surface. Its z-axis aligning with the
conventional international origin pole and the x-axis passes
through the intersection of the equatorial plane and the prime
meridian [35].

For the calculation of the moon-based platform’s position, the
procedure is to transform the moon-based platform’s position
into the ITRS. The original position is defined as longitude A,
latitude ¢y,, and altitude h,,. The transformation is a six-step
process. Assuming the moon to be a sphere, the counterparts of
the moon-based platform’s position in the ITRS are obtained by
following transformation [16], [20]:

prrrs = [IT][O][N][P][B][M][L][C]
(Rm + hun) cos (pm)
(R, + hm) cos (@m) sin (Am)
(R + hom) sin (¢om)
where R, is the radius of the moon. [C], [L], [M], [P], [N], [©],
[1I], and [B] represent, respectively, constant, lunar libration,
offset of the origin from the SCRS to the GCRS, precession,
nutation, rotation, polar motion, and bias matrix [16].

For the calculation of the solar position, two transformations
need to be gone through. The first is to transform the coordinates
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to GCRS. Then, the position in the ITRS can be calculated by
the transformation matrixes between the GCRS and ITRS. The
transformations can be expressed as

sitrs = [II][®][N][P][B][G]sicrs 2

where [G] represents the offset matrix of the origin from the
barycenter of the solar system and the earth.

Through a series of transformations, the positions of the sun
and the moon-based platform are finally unified in the ITRS,
and the earth observation geometry is shown. There are some
features of this earth observation geometry. First and obviously,
since the distance between the earth and the moon is very large
and observing the earth only need 2° field angle viewing from the
moon, the observational scope is similar to a spherical cap, which
almost covers the hemisphere of the earth. However, both the
spherical cap and the earth scene in the observational scope are
not constant. The changing lunar position determines the earth
scene and the elliptical orbit of the moon leads to the periodical
changing size of the “spherical cap.” For the orbit of the moon,
it takes the moon about 27.3 days (27 days, 7 h, 43 min) to
complete the cycle. When considering the relationship to the
sun, the earth being around, half of it is lit up by the sun. The
side that the moon-based platform can observe is with partial
illumination. As the moon goes around the earth, the portion of
the sunlit part will have cyclic variation. The variation cycle is
about 29.5 days (29 days, 12 h, 44 min). The observations of
the point in the observational scope are continuous regardless of
its coordinates. This makes it possible to reduce the sampling
interval, while at the same time considering the observation
angular coverage. Another important feature is the changing
orbital inclination, leading to the changing observation angle
for the certain position on earth. Maximum orbital inclination
relative to the earth equator varies between 28° and —28° during
every 18.6 years, whereas the minimum ranges from 18° to—18°
about 9.3 years later [21]. Such orbital inclination is enough
to cover the total Arctic or Antarctic region during one orbital
period. Furthermore, changing orbit of the moon can bring much
wider variety of observation angles.

III. THEORETICAL MODEL FOR OBSERVATION GEOMETRY

For an observed point on earth, the moon-based earth obser-
vation geometry can be characterized through three observation
angles, called the solar zenith angle, the viewing zenith angle,
and the relative azimuth angle. In this section, we first defined
these three observation angles in the topocentric reference sys-
tem. Then, the calculation methods for the observation angles
are introduced according to the definitions. Furthermore, to be
more serious, the effects of the different positions of the lunar
surface on the observation angles are derived.

A. Observation Angular Definition and Calculation

According to the geometric model, the moon-based platform’s
position, the solar position, and the earth are in the same refer-
ence system. To calculate the observation angles, we introduced
a new reference system named topocentric reference system.
It is a Cartesian reference system that is tangent to the earth
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Fig. 2. Schematic of the observation angles.

surface at an observed point with its fundamental plane is the
local horizon. The north axis points to the north direction and
the zenith axis is perpendicular to the fundamental plane. This
reference system conveniently divides the sky into the upper
hemisphere that the sensor can observe. Viewing zenith angle
0 in Fig. 2 is the angle between the local zenith (i.e., directly
above the observed point and perpendicular to the horizontal
plane) and the line of sight from the moon-based platform’s
sensor to that point. Solar direction is an important factor in
the observation geometry. Solar zenith angle 6 in Fig. 2 is the
angle between the local zenith and the solar direction. Previous
studies decomposed the solar direction of an observed position
into two parameters, i.e., solar azimuth angle and solar zenith
angle [28]. In this study, the relative azimuth angle ¢ is proposed
to characterize the relationship between the solar azimuth angle
and viewing azimuth angle. As shown in Fig. 2, solar plane is
formed by the solar direction and its projection direction on the
horizontal plane of the observed position. Based on such plane,
the relative azimuth angle can be defined. The relative azimuth
angle is defined as the viewing azimuth angle direction relative
to the solar plane, which is in the range of 0°-180°. In brief,
the relative azimuth angle is the absolute difference between the
viewing azimuth angle and solar azimuth angle. The forward
reflection of sunlight corresponds to 0°, and backward reflection
corresponds to 180°. The definition of the relative azimuth angle
connects the sun and the moon-based platform in the azimuth
angle, which can reveal the variation regularity of the sunlit
portion in the observational scope.

The line-of-sight vector and solar direction vector in the
topocentric reference system need to be calculated first. Based on
this reference system, solar zenith angle, viewing zenith angle,
and relative azimuth angle are calculated separately.

The observation angles describe the line-of-sight in the
topocentric reference system. Thus, to unify the reference sys-
tem, [R] is defined to describe the transformations from the ITRS
to the topocentric reference system, i.e.,

—sinpq COS (g 0
— COS (g sin By — sin g sin Oy cos Oy 3)
cospqcosfy sinpqcosfy sinfy

[R] =
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where ¢4 and 64 is the longitude and colatitude of the observed
point’s position.

Given the line-of-sight vector in the ITRS py, its counterpart
in the topocentric reference system p; can be calculated as

pi= [R]po. “4)

Similar to the case of line-of-sight vector, the transformation
process from solar direction in the ITRS s to the topocentric
reference system s; can be given by

st= [R]so. 5)

Thus, the viewing zenith angle can be expressed as

0 = arccos (M> . (6)
|pe| ]

The solar zenith angle can be written as

0o = arccos (stn> @)
|s¢| |m]

where n is the normal vector of the horizontal plane.

The calculation of the relative azimuth angle will be more
complex due to the considerations of the solar direction. Ac-
cording to the coordinate of the moon-based platform and the
sun, we defined the projection of the moon-based platform and
the sun on the horizontal plane as py, and sy, respectively. The
relative azimuth angle can be calculated as

- Sh
(p = 21 — arccos (ph}> . (8)
|Pn] [snl

B. Effects of Different Positions at Lunar Surface on the
Observation Angles

Since the moon is a celestial body, equipping sensors on
different positions of the lunar surface will have different sight
conditions to the earth [15], [16]. In the permanent earth ob-
servation region (80°W—80°E and 81°S—-81°N), there will also
be some differences. In this section, the impacts of equipping
sensors at different positions on the observation angles are
derived.

To reveal the differences, we calculated the angular differ-
ences between the line-of-sight vector from the observed point
to the moon-based platform’s position and the vector from the
observed point to the lunar position.

Given the lunar coordinates x,,,, ym, and z,, and the observed
point’s coordinates x., y., and z., the vector to the observed
point’s position is

Tm — Te
m = Ym — Ye | - 9)
Zm — e

Denoting the moon-based platform’s coordinates xy,, yy,, and
Zp, the line-of-sight vector py can be expressed as

Tp — Te
Po=| Yb— Ve (10)
Zh — Ze
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Fig. 3. (a) Variation of the observation angular difference. (b) Deviation of
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Thus, the angular difference can be calculated as

(i)
€ = arccos | —— | .
Imf |po|

Equation (11) shows that the magnitude of the angular differ-
ences depends on the vector po, whereas the vector py is subject
to the position on the lunar surface

an

12)

where d is the vector from lunar position to the position on the
lunar surface.

With the given pg above, the angular difference in (11) can
now be rewritten as

Py = m—+dy

€ = arccos
<|m| Im + do|

Applying the principle of vector calculation to obtain the
relation of the angle [ between the vector m and vector d, the
angle ¢ in (13) becomes

|m| + cos 3 |dg|

- - (14)
V/Imf? 4 2|m||do cos 8 + [do|

£ = arccos

It is worth noting that the domain of angle /5 is [0 90°].
According to (14), the maximum angular difference can be
calculated.

Taking the derivative of (14), the expression can be written as

de Im| |do| cos 3 + |dol?
B m|* 42 |m][d| cos 8 + |do|*

In Fig. 3, we first illustrated the observation angular differ-
ences with changing moon-based platform’s position. It is clear
that the observation angular difference is related to the angle
between the moon-based platform’s position vector and the lunar
position vector observed from the point on earth. With the angle
[ increasing, the observation angular difference varies from 0°
to 0.245°, showing a very small difference. In conjunction with
Fig. 3(b), it is found that the largest difference is shown at 90°.
That means, the maximum observation angular difference will
occur in the limb of the lunar disk where the line-of-sight vector
is tangent to the lunar surface. As for the angle (3 variation
during one orbital period, it is substantially affected by the
distance. The shorter the distance between the point on earth

5)
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Fig.4. Tllustration of the observed point (P) and the moon-based platform (M)
on the sphere. N is the North Pole. M” and P’ are the projections of M and P on
the earth equator.

and the moon-based platform, the greater maximum angle /3
is. According to the shortest distance, the greater maximum
observation angular difference [ is about 0.26°.

IV. CALCULATION METHOD FOR OBSERVATION GEOMETRIC
DIFFERENCES BETWEEN ADJACENT TEMPORAL SAMPLINGS

For the moon-based earth observations, the observation angles
reflect the current observation geometry of the observed point.
In an ideal condition, a moon-based sensor can observe the earth
all the time, and all the observations will be recorded. However,
in actual condition, the observations will be sampled at a certain
temporal sampling interval. As the temporal sampling interval
becomes coarser, the observations will be sampled sparsely, as
reflected in the samplings of these three observation angles.
In this section, based upon the relationship to the nadir point,
the variations of the observation angles are investigated. Then,
the observation angular differences between adjacent tempo-
ral samplings are deduced by taking the direction derivative
of the observation angles at the direction of the nadir point’s
movement.

A. Relationship Between Observation Angles of Observed
Point and Nadir Point’s Position

The observation angles for an observed point are related to
that in the nadir point, which can be calculated by deducing the
relationship of the observation angles between the nadir point
and the observed points. The nadir point changes over time. With
the nadir point changing, the variations of the observation angles
can be derived.

The observation angles defined in previous section are mainly
divided into zenith angle and azimuth angle. The zenith angle,
including solar zenith angle and the viewing zenith angle, is the
angle based on the normal vector, whereas the azimuth angle,
i.e., the relative azimuth angle, is the angle projected on the
horizontal plane. Therefore, in this section, the relationship is
revealed from the aspect of the zenith angle and the azimuth
angle for the sake of simplicity.

As shown in Fig. 4, denoting the point O is the earth’s
barycenter, and the point N is the North Pole. The point M
indicates the nadir point, and the point P represents the observed
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point’s position. The goal is to derive the relationship between
the observed point and the nadir point by using spherical triangle
cosine theorem.

The first step is to calculate the nadir point. Given the positions
X1, Yb, and z3, in the ITRS, the nadir point, including latitude,
longitude, and altitude, can be calculated as [39]

A, = arctan(£>)

zb(N+H) )
V(@ +u2) [N (1-e?)+H]
H=_—-Z--N(1-¢?

sin(¢p)

The azimuth angle and zenith angle of the observed point can
be expressed in terms of the angles and sides of the spherical
triangle MPN. Referring to Fig. 4, the zenith angle is the com-
plement of the central angle of arc MP, whereas the azimuth
angle is the angle MPN.

By using the cosine formula, we have

cos (9V> = cos (g — Hb) cos (g — 9d>
+ sin (g — 9b> sin (g — 0(1) cos <<pb — cpd). (17)

The zenith angle 6, can be written as

p = arctan( (16)

6, = arccos(sin(0,) sin(fq)
+ cos(6h) cos(64) cos(pp — @a)). (18)

Substituting zenith angle 6, by using the cosine formula
™ ™
cos (5 - Gb) = cos (5 - Hd) cos(0y)
+ sin (g - 0d) sin(6y) cos(py).  (19)

The azimuth angle can be expressed as

sin(fy) — sin(fq) sin(6y,)
cos(0q) cos(6y) '

Py = arccos (20)

B. Observation Angular Differences Between Adjacent
Temporal Samplings

The limited temporal sampling interval will constrain the
sampling of the observations, thus affecting the sampling of the
observation angles. In such condition, a question arises to pose
as: how much differences of the observed angles are between the
adjacent temporal samplings? The variation of the observation
angles of the observed point can be described as the nadir point’s
position and observed point’s position. Thus, this question can
be answered by taking the direction derivative of the observation
angles at the direction of the nadir point’s movement.

Substituting the moon-based platform’s nadir point (¢p, 0,,)
into (¢, Oy) in (17), the differences of the viewing zenith angles
at adjacent temporal samplings can be approximated by the
directional derivative of (17)

00 00
A = a—apsin(a) + 9on cos(a)
where « is the angle between the latitudinal and the movement
direction of the moon-based platform, 06/06,, and 00/0¢,, are

ey
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the partial derivatives with respect to the latitudinal and longitu-
dinal direction of the nadir point, respectively, with expressions
of

ﬁ _ —sin(fg) cos(8},) 4 sin(6)},) cos(0q) cos(pp — va)
00,

sin 6
(22)

08 _ cos(6,) cos(6a) cos(pp — @a) 23)
dp

sin @

Similar to the case of viewing zenith angle, the differences
of solar zenith angles at adjacent temporal samplings only
need to substitute the moon-based platform’s nadir point to the
subsolar point in (21)—(23), given the subsolar point (s, 65), the
expression can be written as

00 00
Ay = a—e(:sin(as) + 572 cos(ax)
where ag is the angle between the latitudinal and the movement
direction of the sun, and 06y/060, and 06y/0 s are given by

(24)

00y —sin(fq) cos(0s) + sin(6s) cos(fq) cos(ps — ¢a)
8(95 - sin 90

(25)
000 _ cos(6y) 005(9.(1) cos(ps — ¢aq) ' 26)
dps sin 0

For the case of relative azimuth angle, according to its def-
inition, the value of the relative azimuth angle is subjected to
both the moon-based platform’s nadir point and the subsolar
point. The difference between adjacent temporal samplings is
essentially the sum of the change of the azimuth angle caused
by the movement of the moon-based platform A¢,, and the sun
Ays. Thus, we write the expression according to the definition

A@ - A@m + AQOS

Opm
3<Pp

_ Opm .

20, sin(a) + cos(a)

o
00y

Po sin(ag). 227)

O0ps
Among them, 0py,/0¢p, 0¢0m/0pp, 0o/ Ops, and 0po/0ps

can be written as

Opm

20,

+ sin(ag) +

cos(Bp) —sinq) cos(8) % +[sin@,) —sin@q) sin(0)] tan(6) 22

a0,
—/[sin(0,) + cos(bq + 6)][cos(0q — 0) — sin(6},)]
(28)

0pm
Ovp

—sin(fq) COS(G)OGTHP + [sin(6),) — sin(6q) sin(6)] tan(@)a%’

—/[sin(6,) + cos(fq + 0)][cos(6q — 0) — sin(6},)]

(29)
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o _
o0,

cos(fy) —sin(@q) cos (o) g—g‘: + [sin@s) —sin@q) sin@o)] tan o) ‘3—‘;:

—/[sin(0s) + cos(fq + Om)][cos(0q — Op) — sin(6s)]
(30)

o _
Deps

— sin(6a) cos(fo) 52 + [sin(6s) — sin(6a) sin(6p)] tan(6o) ggg

—/[sin(0s) + cos(fa + 0o)][cos(0q — Op) — sin(6s)]
(3D

By deducing the observation angular differences between
adjacent temporal samplings, it is clear that the differences of
the viewing zenith angle and solar zenith angle are subjected
to the nadir point and subsolar point, respectively, whereas the
differences of the relative azimuth angles are dependent on the
interaction of the nadir point and subsolar point.

V. RESULTS AND DISCUSSIONS

The theoretical framework for observation geometry was
introduced in Sections III and IV. Here, experiments are set
up to analyze the spatio-temporal variation of the observation
angles and observation angular differences with regard to the
sampling interval. Finally, the observation angular differences
caused by different sampling intervals are discussed.

A. Spatio-Temporal Variation Analysis of the
Observation Angles

In Section I, it is demonstrated that equipping sensors on the
different positions of the lunar surface lead to no significant dif-
ference in the analysis of observation angles. Thus, we assumed
that the moon-based platform was located at the center of the
lunar disk, i.e., the selenographic coordinates of (0°N, 0°E).

Fig. 5 illustrates the distribution and daily variation of the
viewing zenith angle. As expected, the distribution of the view-
ing zenith angle presents concentric circle diffusion, ranging
from 90° to 0°. The nadir point has an important impact on the
viewing zenith angular distribution. The maximum value will
be shown in the nadir point of the moon-based platform. The
daily variation of viewing zenith angle changes with the nadir
point continuously. The effect of nadir point becomes even more
critical in the variation of orbital period. Since the nadir point of
amoon-based platform can cover the latitudinal range from 28°S
to 28°N, the pattern of concentric circle will move northward or
southward during one orbital period. Therefore, nadir point will
bring about a varied distribution of viewing zenith angle for a
certain position.

In order to reveal the viewing zenith angular characteristics
of the adjacent observed points, we compared the latitudinal and
longitudinal variation during one orbital period. In Fig. 6(a), we
calculated the viewing zenith angle of 0° longitude at different
latitude. The x-axis refers to the observation time in the orbital
period and the y-axis is the latitude of the 0° longitude. It is
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Fig. 5. Viewing zenith angular distribution at (a) 1:00, (b) 4:00, (c) 8:00, (d) 12:00, (e) 16:00, (f) 20:00, and (g) 24:00.
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Fig. 6. Viewing zenith angular variation along (a) latitudinal direction and (b) longitudinal direction during one orbital period.
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Fig. 8.
(c) January 16, (d) January 20, (e) January 25, and (f) January 29.

Relative azimuth angular distribution on (a) January 3, (b) January 8,

obvious that the variation at both the longitudinal direction and
observation time is continuous. At mid-low latitude region of the
earth, the viewing zenith angular variation ranges generally from
0°to 90°. However, such this widely variation will only be shown
in the region of latitudinal range of nadir point. The variation
range will be smaller with the increment of the latitude. At high
latitude region, the observation time window is longer, while
the variation range is significantly smaller than that at mid-low
latitude region. Fig. 6(b) shows the longitudinal variation at
0° latitude of viewing zenith angle during one orbital period.
Compared to Fig. 6(a), the variation is more regular, which
acts as in accord with diurnal cycle. There is no significant
difference between the longitudes during one diurnal cycle.
Among different diurnal cycles, the viewing zenith variation
range changes, which is mainly embodied in the difference of
the minimum values. It appears that the variation almost covers
the range from 0° to 90°. The reason is the selection of latitude
to 0°. For the other latitudes, the minimum value can be referred
from Fig. 6(a). For the solar zenith angle, the distribution is
similar to the case of viewing zenith angle, i.e., the concentric
circle pattern. The differences in the solar zenith angles is only
shown in the sunlit area and with the changes of the geometric
relationship between the sun and the moon.

Fig. 7 presents the distribution and daily variation of the rela-
tive azimuth angle. Different from the viewing zenith angle, the
distribution of relative azimuth angle appears in the sunlit portion
in the observation scope. This is because the relative azimuth
angle is only defined in the sunlit area. The axis of symmetry
is the line connecting the nadir point and the direct point of
sunlight. According to the definition, the larger value will be
shown in the forward directions to the sun and the variation
of relative azimuth angle ranges from 0° to 180° generally.
Since the angle between the solar position and moon-based
platform’s position varies relatively small during one day, there
is no significant differences of the distribution in a daily cycle.
However, the distributions in Fig. 8 are one of the cases of daily
cycle. During one orbital period, the distribution of the relative
azimuth angle can be divided into seven typical cases based
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on the variation of the sunlit portion in the observation scope.
Fig. 8(a)—(f) shows six distributions of the relative azimuth angle
at different observation time, representing the six cases. The
remaining case that has not shown in Fig. 8 is the case of no sunlit
portion. With the increment of the sunlit portion, the variation
range of the relative azimuth angle will be larger. When the
sunlit portion covers more than 50% of the observation scope,
the variation will range from 0° to 180°. At this time, the direct
point of sunlight will be in the observation scope. The values
in the observational scope are exactly symmetrical to the line
between the direct point of the sunlight and the nadir point.
When the sunlit portion covers almost all the observation scope,
all the values in the observation scope are large.

We then compared the relative azimuth angle at different
longitude and latitude during one orbital period. As shown in
Fig. 9(a), it is obvious that the variation range is almost the
same at different longitude during one day. When the direction
point of sunlight is not in the observation scope, the value
varies monotonically. When the sunlit portion covers most of
the observation scope, the value becomes larger, whereas the
variation range becomes smaller. Fig. 9(b) shows the variation
along the latitudinal direction. The variation range changes with
its latitude. In the mid-low latitude region, the relative azimuth
angle varies continuously and the minimum value is generally
as low as 0°. When the direction point of sunlight comes in the
observation scope, the maximum value becomes larger until it
reaches to 180°. From the view of the values in the latitudinal
direction, the relative azimuth angular distribution at mid-high
latitude is smaller than the case in the low latitude. In the
Antarctic region in Fig. 9(b), the observation time window is
about half the orbital period. The relative azimuth angle covers
from 90° to 180° continuously. Note that, not all latitudinal
distributions are the same at every orbital period, though all the
orbital period will include a long coverage either at the Antarctic
region or Arctic region. The spatial coverage of these regions is
related to the latitudinal variation range of nadir point. At these
positions, the relative azimuth angle is still continuous during
the observation time window.

In general, the variations of viewing zenith angle and relative
azimuth angle are all continuous in terms of both time and space.
For the viewing zenith angle and the solar zenith angle, the range
depends on the minimum value, whereas its minimum value is
related to the latitude of nadir point or the subsolar point and
the observed point. For the relative azimuth angle, the variation
range at a certain observed point is not only subject to the sunlit
portion in the observation scope, but also to its latitude. Low
latitude will achieve larger relative azimuth angular variation.

B. Analysis of the Observation Angular Differences Between
Adjacent Temporal Samplings

Fig. 10 presents the differences of the viewing zenith angle
[AG; Fig. 10 (a)], the relative azimuth angle [A¢; Fig. 10 (b)],
and the solar zenith angle [A#fy; Fig. 10(c)] over the temporal
sampling interval of 1 h.
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Differences of (a) viewing zenith angle (A#), (b) relative azimuth angle (A¢), and (c) solar zenith angle (Afy) over the temporal sampling interval of
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For the case of the viewing zenith angle, it is illustrated that
A0 shows the periodic variations during one orbital period and
the cycle is approximately one day, corresponding to the time
the nadir point of the moon-based platform takes around the
earth. The pattern of each daily variation is almost the same, but
with the changed latitude of the nadir point. A# at high latitude
region is far smaller than that in the mid-low latitude region.
Besides, there is a conspicuous variation of the maximum A6
lies along the track of the latitude of the nadir point, indicating
that the maximum A6 of the observed points occurs in the nadir
point. By analyzing A6, the characteristics of viewing zenith
angle observed from a moon-based platform can be shown, i.e.,
rapid viewing zenith angular differences, but short observation
duration for the observed points at mid-low latitudes, whereas
slow angular differences and long-term observations for the
observed points at high latitudes.

For the case of the relative azimuth angle, the variation range
of Ay is relatively large, reaching to 160°. This is because that
Ay is subjected to both subsolar point and nadir point of the
moon-based platform, and closer to these two points, larger
values of Ap will be shown. Large values mainly occur in
the mid-low latitude regions, whereas at the rest regions, Ay
is small that under 10°. In general, as the only parameter to
describe the moon-based platform and the Sun relative to the
observed point, the variation of the relative azimuth angle is very
important. Fig. 10(b) shows the variations for the observed points
at mid-low latitudes are large, thus it is necessary to consider the
variation of Ay when evaluating the temporal sampling interval
of the moon-based earth observations.

The variation of solar zenith angle at different latitude is sim-
ilar to the case of the viewing zenith angle, and the magnitude of
the variation are broadly similar. The difference is that, the illu-
minated earth disk cannot all the time. Under this circumstance,
the daily variations for an observed point will be different during
one orbital period. The continuously changing solar zenith angle
can benefit the retrieval of the earth’s parameters.

C. Effects of Different Temporal Sampling Intervals on the
Observation Angles

Different temporal sampling intervals certainly affect the
observation angles. To better illustrate the effects of the temporal
sampling intervals, Fig. 11 presents the observation angles of the
observed point (0°N, 0°E) over the sampling intervals of 1 min
[see Fig. 11(a)], 10 min [see Fig. 11(b)], 20 min [see Fig. 11(c)],
and 30 min [see Fig. 11 (d)]. It is illustrated that the distribution
of these three angles almost covers all the ranges of the viewing
zenith angle and relative azimuth angle. From Fig. 11(a)—(d),
these three observation angles become sparse with the increment
of sampling interval until it loses the distribution characteristics.

To evaluate the effects of the temporal sampling interval on
these three observation angles, the maximum values of A6,
Ay, and Afy at different latitudes with the changing temporal
sampling intervals are shown in Fig. 12(a)—(c), respectively.
The maximum values of Af and Af have a significant linear
correlation with the increasing temporal sampling interval. For

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

= —
3060 _ 90 0
—

—
30 60 90
30 60

Viewing zenith angles(°) Viewing zenith angles(°)
O (b)
¥
& 90

/120 e 60

0 180 LA

DI S7 RN )
0 30 60_90

Viewing zenith angles(°)

(d)

90°
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the case of A#, the maximum value during one orbital period at
a given temporal sampling interval is symmetric with the earth’s
equator, indicating the uniform samplings of the moon-based
earth observations. For the case of Af, since one orbital period
is not corresponding to the period the obliquity of the moon
path, the maximum value of the solar zenith angle at different
latitudes is not symmetric with the earth’s equator. As for the
case of A, the effects of the temporal sampling interval are not
the same. There is a rapid increase for A of the observed points
at 0° and 30°S when the temporal sampling interval is larger than
15 min. That means, enlarging the temporal sampling interval
of moon-based earth observations will lead to more loss of the
relative azimuth angle at the mid-low latitude regions.

As can be inferred from the results, the observation angles
including the solar zenith angle, viewing zenith angle, and
relative azimuth angle can describe the current observation of
the observed point viewed by a moon-based platform’s sensor.
Furthermore, different temporal sampling intervals will have
different impacts on the observation angles of the points at
different latitudes, mainly having significant effects on the rel-
ative azimuth angle at mid-low latitude regions. In the imple-
mentation of the moon-based earth observations, the temporal
sampling interval selection is an extraordinarily significantissue.
The temporal sampling interval selection strategy is primarily
centered on the scientific goals. For the earth’s plasmasphere
monitoring, the temporal sampling interval mainly considered
the plasmaspheric structures [40]. For the earth’s outgoing ra-
diation monitoring, the temporal sampling interval is set to
minimize the redundant sampling as much as possible, while
at the same time considering the uncertainties and bias [41].
These two scientific goals have a common feature, that is, the
requirement of integral observations. The temporal sampling
interval selection of these two scientific goals will not consider
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the specific observed points on earth. Actually, compared to
the previous studies, the analysis of the effects of the temporal
sampling interval starting from the observation geometry is a
more fundamental way to understand the moon-based earth
observations. It can evaluate the observation geometric variation
of the specific observed points in the observation scope with
respect to the temporal sampling interval. Thanks to the analysis
of this study, enlarging the temporal sampling interval larger will
result in significant impacts on the observations of the mid-low
latitude regions, especially the regions near the moon-based
platform’s nadir point and subsolar point.

VI. CONCLUSION

This study investigated the effects of the temporal sampling
interval on the moon-based earth observation geometry. Three
observation angles are used to characterize the moon-based earth
observation geometry, namely the viewing zenith angle, solar
zenith angle, and the relative azimuth angle. Then, theoretical
model for the observation angles is proposed. Since the moon is
a celestial body, the effects of different positions at lunar surface
on the observation angles are analyzed. Based on the variation
characteristics of these three observation angles, the effects of
the temporal sampling interval on the observation angles are
revealed.

It is found that the observation angles can reflect the moon-
based earth observation geometry. The nadir point and subsolar
point are dominating factors in determining the variation of the
solar zenith angle and the viewing zenith angle respectively,
whereas the variations of the relative azimuth angle are subject to
the relative motion of the moon-based platform’s nadir point and
the subsolar point. Different temporal sampling intervals will
have different impacts on the observation angles. Specifically,
the effects of the temporal sampling intervals are profoundly
significant to affect the sampling of the relative azimuth angle
at mid-low latitude regions. In conclusion, for the moon-based
earth observations, the coarser temporal sampling interval will
lead to larger variations of the observation geometry at mid-low
latitude regions, which is mainly reflected on the loss of the
relative azimuth angle.
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