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Jing Huang, Huadong Guo , Member, IEEE, Guang Liu , and Hanlin Ye

Abstract—Earth’s outgoing radiation (EOR) at the top-of-
atmosphere (TOA) is a vital parameter of earth’s energy budget.
Moon-based earth observations as one of the scientific goals of
the International Lunar Research Station (ILRS) project could
provide long-term, well-calibrated, and disk-integrated EOR data
to complement existing platforms. To study the difference between
a Moon-based platform and existing platforms, in this study, we
established a method to simulate outgoing longwave (OLR) and
shortwave radiation (OSR) from a Moon-based radiometer. Then,
by parameterizing Moon-based earth observations, the relation-
ship between observation geometry and diurnal and seasonal vari-
ations of OLR were derived. Finally, the relationship between OSR
viewed from a Moon-based sensor and earth’s phase is obtained. We
summarized three Moon-based EOR observation characteristics.
1) Moon-based observational scope is almost earth’s hemisphere,
and Earth–Moon distance has great effects on EOR. With the Moon
moves from perigee to apogee, the OLR decreases almost 40% and
OSR decreases about 60%. 2) Diurnal and seasonal variations also
influent OLR, and compared correlation coefficients between OLR
removing the effects of seasonal with diurnal, the former has bigger
value, meaning hemisphere-scale observations is less sensitive to
seasonal signals. 3) A Moon-based platform can observe the earth
with different earth’s phases. For OLR, earth’s phase changes
earth’s scene. For OSR, with the increase of earth’s phase, OSR is
greatly decreased, the ratio of incoming shortwave radiation (ISR)
is close to earth albedo when the earth’s phase is 0°. Our results
offer new understanding that will help to facilitate Moon-based
monitoring of EOR.

Index Terms—Analysis, earth’s outgoing radiation, moon-based
platform, numerical simulation.

I. INTRODUCTION

EARTH system science emphasizes a holistic view of the dy-
namic interaction between earth’s spheres [1], [2], [3]. One

of the most important problems in earth system science is earth’s
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radiation budget, which consists of incoming solar radiation
(ISR), longwave radiation (LW) emitted by the earth’s surface
and atmosphere, and reflected of solar radiation (i.e., shortwave
radiation, SW), which determine the radiation balance of the
earth system [4], [5], [6], [7]. Fundamental requirements for
earth radiation data are acquisition at a global scale, unbiased
measurements, absolute calibration accuracy, and sufficient spa-
tial and temporal resolution.

Significant efforts have been made to accurately measure
both top-of-atmosphere (TOA) LW and SW using space-borne
platforms [8], [9], [10]. In the 1960s and 1970s, Nimbus 6 and 7
were equipped a narrow (NFOV) and wide field of view (WFOV)
instruments to measure earth’s outgoing radiation (EOR) [11].
The field of view of a WFOV radiometer is several thousand
kilometers, while the spatial resolutions of NFOVs reach 10 to
100 km. Since NFOV instruments do not directly measure a
flux, angular distribution models (ADMs) are used to convert
the radiance to flux [12]. In the 1980s, new generation devices
were developed, including the earth radiation budget experiment
(ERBE) instruments onboard three satellites to measure SW and
LW radiances [13], [14]. This was the first approach to include
the cloud factor, which has a cooling effect in EOR determina-
tion. The clouds and the earth’s radiant energy system (CERES)
experiment enabled real-time tracking of earth’s radiation by
measuring TOA SW and LW; moreover, it clearly linked cloud
effects to global climate change [9], [15], [16]. For example,
from earthshine data from 1998 to 2017, scientists found the
albedo declines about 0.5 W/m2. Compatible with CERES and
MODIS data, they found out the sky over eastern Pacific were
bright and covered with noticeable less cloud which causes the
decrease in albedo. To achieve high measurement accuracy, these
instruments are calibrated both in-flight and on the ground [17],
[18]. Compared with the instruments of early measurements,
each provides higher spatial resolution, longer time records,
and increased accuracy [9], [10], [19]. For a better understand-
ing of the diurnal variation of EOR, the geostationary earth
radiation budget (GERB) was developed to produce a global
image (excluding areas poleward of 72°) every 15 mins [20]. As
with CERES, measurements from GERB instruments are paired
with cloud retrievals from the Spinning Enhanced Visible and
Infra-Red Imager (SEVIRI). In China, the measurement of EOR
is a major mission of the FengYun (FY)-3 series. The instruments
onboard FY-3 can observe earth-reflected solar SW and earth-
emitted LW radiances [21]. This is an attempt to observe the
EOR from polar-orbiting meteorological satellites. Since 2015,
the Deep Space Climate Observatory (DSCOVR) has given a
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new perspective for earth observation [22], [23] as it observes
the whole disk sunlit part of the earth at Lissajous 1 orbit [24].
NIST Advanced Radiometer onboard DSCOVR is the most
advanced sensor to detect earth outgoing radiation, which has
same hemisphere-scale scope as a Moon-based platform, its ob-
servation accuracy can reach to 0.1%–1.5% (varies with band).

Throughout the development of EOR observations, the gen-
eral tendency has been to achieve higher accuracy of mea-
surements. To achieve this goal, one method is to reduce the
calibration errors of the sensors [25]. Another is to realize
global observations as much as possible, such as enlarging the
observational scope by using constellations of small satellites
[26], [27].

In addition to using artificial space-borne platforms, obser-
vations from the Moon could also become an important part of
earth radiation budget monitoring. Observing the earth from a
Moon-based platform would offer a unique dataset [1]. First,
owing to tidal locking and the large earth–Moon distance,
a Moon-based sensor would simultaneously acquire critical
parameters with hemisphere observations. Second, the lunar
surface has abundant space. Some scholars have investigated
suitable locations to place earth observation sensors and how the
lunar surface environment would affect those sensors [28], [29].
By combining various sensors, such a system would be able to
simultaneously measure parameters ranging from the subsurface
to the plasmasphere. Third, unique lunar orbit brings various
observational angles. For mid–low earth latitudes, a Moon-
based platform could realize long-term observations lasting for
∼10 h [30]. Measuring the parameters of earth’s radiation budget
requires the angular characteristics of radiation. Various angular
sampling could supplement existing earth observations, and
would help to improve retrieval accuracy [30]. These peculiari-
ties make EOR measured by a Moon-based platform different.
For the Moon-based earth observations, its observational scope
is almost earth’s hemisphere including various mixed scene
types and changing inclination of lunar orbit brings various
observational angles from different directions for one point on
the earth surface, radiation observed by a Moon-based platform
is integrated by elements. For CERES, its observational scope
is much smaller than a Moon-based platform and observational
angle is in fixed direction. For hemisphere EOR, CERES data
should be obtained by stitching satellite data. In summary, a
Moon-based platform could acquire large-scale observations
and complement existing earth observations.

To evaluate the potential radiation measurement capacity of
a prospective Moon-based active cavity radiometer, it is nec-
essary to simulate the outgoing longwave radiation (OLR) and
outgoing shortwave radiation (OSR) observed at the entrance
pupil of the radiometer. At present, although many studies have
considered Moon-based earth observation geometry, a method
for simulating Moon-based radiation monitoring of EOR is still
needed. As the positions of lunar orbit changes, observed EOR
at the entrance pupil would also change. This article mainly
answers the question that what characteristics for Moon-based
EOR observations, and compared to existing satellites, what
are its peculiarities. We present a method for simulating the
observed OLR and OSR at the entrance pupil of a Moon-based

Fig. 1. Schematic of Moon-based earth observations. The blue-shaded zone
shows the sector that is both sunlit and could be observed by a Moon-based
sensor (also known as the earth’s phase).

radiometer as a function of changing orbit. This study makes
three main contributions. First is the establishment of a method
to simulate OLR and OSR at the entrance pupil of a Moon-based
radiometer. The second is the parameterization of Moon-based
earth observations and identification of the relationship between
observation geometry and diurnal and seasonal variations in
observed earth OLR. The third is to contact OSR with earth’s
phase, through the OSR within a Moon-based platform scope
and ISR, the ratio between them is obtained.

II. PROBLEM STATEMENT AND MODEL ANALYSIS

The objectives of this article were to simulate the OLR and
OSR received by a Moon-based active cavity radiometer. This
required parameterization of Moon-based earth observation ge-
ometry and an analytical method for observing the earth disk as
a single measurement.

A. Moon-Based Earth Observation Geometrical Model
Parameterization

Detailed transformation of the earth and Moon to the same
coordinate systems is shown in [31]. There are eight main
coordinate systems involved in this transformation. Fig. 1 shows
a schematic of Moon-based earth observations, where OM and
OE are barycenters of the Moon and the earth, and Rm is the
radius of the Moon. Point P on the lunar surface represents the
position of the Moon-based sensor. Point T is the observed point
on the TOA of the earth within the observational scope. The
vector l is the light ray from the earth’s position T to the entrance
pupil of the Moon-based radiometer.

Denoting the Moon-based platform’s position in the body-
centered body-fixed coordinate system pMCMF, the position in
the International Terrestrial Reference System (ITRS) can be
written as

pITRS = [Θ][Π][N][P][B][T][L][C]pMCMF (1)
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where [L], [C] are matrices of the lunar orientation; [T] repre-
sents a matrix of the lunar position; and [B], [P], [N], [Π], and
[Θ] are used to describe the earth irregular rotation.

After transforming the Moon-based platform’s position into
ITRS, some geometric parameters used in the entrance pupil
radiation calculation can be calculated, including the nadir point,
light ray vector l, viewing angle, and angle β in Fig. 1.

Nadir is the intersection between the looking vector pointing
to the earth’s barycenter and the earth ellipsoid. In this study,
the radiation emitted from the TOA of the earth was assumed to
be at an altitude of 100 km [12]. Thus, the ellipsoid model was
defined based on the earth ellipsoid

x2 + y2

(a+ 100)2
+

z2

(b+ 100)2
= 1 (2)

where (x, y, z) are earth’s coordinates at TOA in the ITRS, and
a and b are the equatorial and polar radii of the earth ellipsoid.

The nadir point calculation is more complex when consid-
ering the model as an ellipsoid. The first step is to calculate
the intersection point (xgeo, ygeo, zgeo) described by Cartesian
coordinates. Denoting the determined intersection as (xgeo, ygeo,
zgeo), the Moon-based platform’s position as (xpos, ypos, zpos),
and the looking vector as (xlos, ylos, zlos), the intersection points
can be calculated by [31]

⎡
⎣xgeo

ygeo

ygeo

⎤
⎦ = k

⎡
⎣xlos

ylos

ylos

⎤
⎦+

⎡
⎣xpos

ypos

ypos

⎤
⎦ (3)

where k is a scale factor. Since the looking vector points to earth’s
barycenter, it can be numerically equivalent to the Moon-based
platform’s position.

Then, latitude δ and longitude η can be expressed as

δ = arctan

⎛
⎝ zgeo/a√

x2geo + y2geo − w

⎞
⎠ (4)

η = arctan2

(
ygeo/a

xgeo

)
(5)

where w is determined through an iterative process

wnew = e2(ρ− wold)/

√
(ρ− wold)

2 + (1− e2)
(zgeo

a

)
(6)

where e is the eccentricity of the ellipsoid model.
The light ray is the base of the calculation of the viewing angle

and the angle β. The vector |−→PT| is the light ray from the earth’s
position (tITRS) to the entrance pupil of the Moon-based active
cavity radiometer. Light ray vector lITRS can be expressed as

lITRS = pITRS − tITRS. (7)

The viewing angle is one of the most important parameters in
ADM. To acquire the viewing angle of the position on the TOA
of the earth, the core is to transform the light ray from ITRS
to the local topocentric coordinate system (LT). The transform

process was as follows:

lLT =

⎡
⎣ −sinη′ cosη′ 0
−sinδ′cosη′ −sinδ′sinη′ cosδ′
cosδ′cosη′ cosδ′sinη′ sinδ′

⎤
⎦ lITRS (8)

where δ’ and η’ are the latitude and longitude of this specific
position.

Denoting the light ray’s coordinates in the LT as (xl, yl, zl),
the viewing angle including the azimuth and zenith angles can
be derived from the transformed light ray

⎡
⎣ϕθv
D

⎤
⎦ =

⎡
⎢⎣

tan−1 y1

x1

π
2 − tan−1

√
x2
1+y2

1

z1√
x21 + y21 + z21

⎤
⎥⎦ . (9)

Observing the EOR from a Moon-based platform has one
main peculiarity—the long Earth–Moon distance. The observa-
tional scope of a Moon-based active cavity radiometer is almost
half of the earth. This is a benefit for eliminate spatio-temporal
sampling error. In this observation geometry, the EOR’s cal-
culation at the entrance pupil of the radiometer is essentially
the integral of the radiation emitted from the observational
scope. The Earth–Moon distance changes and the orbit of the
Moon is approximately elliptical. The maximum distance is
∼40 000 km, which significantly affects the observation ge-
ometry. Furthermore, the angle between the lunar and terrestrial
equators is not fixed. The obliquity of the ecliptic and lunar
declination determines the variation range of this angle.

B. Analytical Method for OLR and OSR at the Entrance Pupil
of the Moon-Based Active Cavity Radiometer

A Moon-based active cavity radiometer would measure the
broadband OLR and OSR emitted and reflected from the earth.
In such a special observation geometry, the observed EOR is
the integral of the radiance over the portion of the earth in
the observational scope. However, in contrast to the OLR, the
calculation of OSR needs to make clear the earth’s phase (i.e.,
the intersectional region between the observational scope and the
sunlit part in Fig. 1), which can be expressed as the intersection
angle between the Sun rays and looking vector

ϕs =
l � s
|l| |s| (10)

where s is the sunlit vector. Thus, the integration of OLR and
OSR observed from all the points of TOA on earth within the
observational scope is given by

FM(δ, η) =

∫
Ω

ITOA (δ′, η′)XcosβdΩ (11)

where (δ, η) are nadir point positions of the Moon-based plat-
form; (δ’, η’) are the TOA point of the earth within the observa-
tional scope; Ω is the solid angle subtended at the radiometer;
β is the angle between the nadir and the line of the radiometer
to location (δ’, η’); and X is the unified expression of the ADM.
For the OLR, X is theXOLR(θv), which is the longwave ADM as
a function of the viewing zenith angle θv; and XOSR(θs, θv, ϕ)
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Fig. 2. Scheme of the proposed method.

is the shortwave ADM as a function of solar zenith angle θs and
viewing zenith angle θv.

Integrating all angles over the hemisphere defined by the
zenith and azimuth angles, we get the normalization condition

2

∫ π
2

0

Xsinθvcosθvdθv = 1. (12)

Since the radiometer observes the EOR only for a given
direction, the flux emitted from the TOA is anisotropic, and
certain epirical adjustments are required. The ADM X is used
to display the anisotropic characteristics (OLR or OSR), which
can be written in the form

X =
FTOA (δ′, η′)
πITOA (δ′, η′) . (13)

The function is determined based on the radiative transfer
theory as well as observations for specific positions.

We express the ITOA(δ’, η’) at a point on the TOA of the earth
as

ITOA (δ′, η′) =
FTOA (δ′, η′)X

π
(14)

where FTOA(δ’, η’) is the flux of this point in W m−2.
Thus, (11) can be rewritten to give the measurement in terms

of the flux at TOA

FM(δ, η) =

∫
Ω

FTOA (δ′, η′)X
π

cosβdΩ. (15)

Given the total EOR at TOA (FTOA) for all points in the
observational scope, the radiances at the entrance pupil of the
radiometer can be calculated. For the OSR, the flux at TOA
depends on incoming shortwave radiance Fsolar and the albedo
of the earth α. Thus, (15) can also be expressed as

FM(δ, η) =

∫
Ω

FSolarα (δ′, η′)X
π

cosβdΩ. (16)

III. EXPERIMENT AND DISCUSSION

Next, we conducted experiments to test the processing of OLR
data.

A. Data Description

NASA’s Goddard Earth Observing System Model, Version 5
(GEOS-5) is an integrated system of models to support global
climate studies, including the atmospheric general circulation
model (AGCM) and analysis of observational sources of in-
formation [32], [33]. The GEOS-5 model can provide global,
seasonal-to-decadal climate simulations of the EOR. In the
GEOS-5 model simulation, the EOR is held to within approxi-
mately 1 W m−2, which is close to estimates of the real case. For
OLR and OSR, the general distribution of GEOS-5 AGCM OLR
and OSR matched well with that of CERES Energy Balanced
and Filled (EBAF).

In this model, 1152 longitudinal and 721 latitudinal grid
points, with a spatial resolution of approximately 34 × 27 km
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Fig. 3. Variation in (a) outgoing longwave radiation (OLR) viewed from a
Moon-based sensor, (b) outgoing shortwave radiation (OSR) viewed from a
Moon-based sensor, and (c) the Moon–Earth distance during 2015. The green
box marks the period shown in detail in Fig. 4.

along the earth’s equator are produced. In simulations of EOR,
global fluxes are produced every hour. Arbitrarily, we chose
a 1-year output from 1 January 2015 to simulate Moon-based
active capacity measurements.

For calculation of the Moon’s orbit and lunar libration, the
Jet Propulsion Laboratory (JPL) Development Ephemeris (DE)
was adopted [34]. DE tabulates geocentric coordinates and li-
bration of the Moon. The positions are recorded as a (t; x, y, z)
coordination, which is in the coordinate system of the Interna-
tional Celestial Reference System (ICRS) and time system of
Dynamical Barycentric Time (TDB). The lunar libration angles
are recorded as a (t; φm, θm, ψm), which is used as the lunar
orientation information. Since the earth’s rotation is not constant
over time, EOPs are used to describe the irregular rotation of the
earth. The EOPs provide the rotational transform from the ICRS
to ITRS, as a function of time.

B. Results

The scheme used for the estimation of the Moon-based earth
observation geometric parameters and simulation of the EOR
measurements is shown in Fig. 2. The processing steps were
designed to create the Moon-based earth observation geometry
and to simulate measurements of OLR and OSR as realistically
as possible.

In the preprocessing phase, the Moon-based earth observation
geometry was parameterized according to the model introduced
in Section II. Essentially, the observation geometry refers to
the geometric relationship between the Moon-based platform’s

Fig. 4. Variation in (a) outgoing longwave radiation (OLR) and (b) outgoing
shortwave radiation (OSR) from January 14 to January 16, 2015.

Fig. 5. Relationship between the Earth–Moon distance and outgoing longwave
radiation (OLR) viewed from a Moon-based sensor. The black line is the
polynomial curve; the equation of the line quadratic and its coefficient is greater
than zero.

position and points on earth. Two main parameters, the Moon-
based platform’s position and observational scope were calcu-
lated. From (3), if the point on earth is in the observational scope,
there are two solutions for λ. If the solutions shrink into one, the
light ray is tangent to the ellipsoid. The observational scope can
be seen as the link line of the tangent points between the light
ray and ellipsoid. Since the GEOS-5 model data is in the form
of 0.3125° longitude × 0.25° latitude, the observational scope
is then discretized in a corresponding size. The Moon-based
platform’s position was used to calculate the looking vector
and the light ray, which are important factors for calculating
theOLR of one element. The angle between the light ray and
normal vector of the element observation point is the viewing
zenith angle, and is an output of determining the anisotropic
of element. The other outputs were the cloud properties and
scene type. In the ADM, cloud properties mainly refer to cloud
coverage; according to the ratio of cloud cover to sky areas,
every element can be divided into clear sky (5% or less), partly
cloudy (5%–50%), mostly cloudy (50%–95%), and overcast
(95% or more). Meanwhile, the scene type can also be split
into four categories: ocean, land, snow, and desert. If an element
is a mixed, its type depends on which surface feature has the
largest proportion. The anisotropic factor of each element was
also derived. Integrating the OLR of each element until all the
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Fig. 6. Outgoing longwave radiation (OLR) variation after removing the effect of Moon–Earth distance in (a) 2015, (b) 2016, (c) 2017, (d) 2018, (e) 2019, and
(f) 2020.

Fig. 7. Outgoing longwave radiation (OLR) variation after removing the effect of seasonal variation in (a) 2015, (b) 2016, (c) 2017, (d) 2018, (e) 2019, and (f)
2020.

elements were considered, the total OLR in the observation
scope was finally calculated.

Fig. 3(a) and (b) shows OLR and OSR variations viewed
from a Moon-based sensor from January 1 to December 31,
2015, respectively, assuming a Moon-based sensor located at
the center of the lunar disk. It is clear that both OLR and OSR

have a period corresponding to the orbital cycle of ∼27.3 days.
The maximum OLR value was 82 mW m−2 and occurred in
March, when the Sun moves near the equator. The minimum
OLR (∼58 mW m−2) also appeared in March, delayed one half
period from the maximum value. The difference between the
maximum and minimum (24 mW m−2) accounted for ∼30% of
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Fig. 8. Outgoing longwave radiation (OLR) variation after removing the effects of diurnal variation in (a) 2015, (b) 2016, (c) 2017, (d) 2018, (e) 2019, and (f)
2020.

the average OLR in 2015. The maximum and minimum values
in each orbital period also had periods of ∼0.5 years, with
peaks in March and September (and the minimum in June). The
maximum and minimum OSR coincided with those of OLR.
However, when the minimum OSR was reached (0.004 mW
m2), the earth sunlit part could barely be seen by a Moon-based
sensor. Both OLR and OSR viewed from a Moon-based sensor
and the Moon–Earth distance have the same variation period;
however, the maximum values of EOR were coincident with the
minimum distance. Thus, distance plays a significant role in the
measurement of EOR. Besides, the observed OLR depended on
the earth’s scene; thus, there were small oscillations in every
period, which were especially obvious in each peak and valley.

For a more detailed analysis, we focused on EOR from
January 14 to January 16, 2015, and found that it did not change
continuously (see Fig. 4). There were distinct daily cycles in
which the OLR had two peaks and two valleys, probably be-
cause of differences in the earth scene. Peaks corresponded to
a Moon-based sensor field of view dominated by land, while
valleys corresponded to a field of view dominated by ocean.
After a daily cycle, the overall trend of OLR increased because
the Moon and earth moved closer together during that time. From
Fig. 3(a), we also found that the maximum oscillation occurred
in June (almost 6.4 mW m−2), and the minimum oscillation was
only 1.4 mW m−2. The difference between the maximum and
minimum oscillation (up to 5 mW m−2) is much smaller than the
effect of Moon–Earth distance; however, it cannot be ignored.
In contrast to OLR, OSR had more small oscillations owing to
the joint influence of earth’s phase and scene.

In summary, thanks to changing inclination of lunar orbit,
a Moon-based platform can observe the earth in different di-
rections with continuous angles. OLR and OSR were not only

affected by the Moon–Earth distance but were influenced by
earth’s phase, for OLR is earth’s scene and for OSR is observa-
tional scope. These effects should not be neglected.

C. Discussion

1) Effects of Moon–Earth Distance to OLR: Fig. 5 shows
the relationship between the Moon–Earth distance and OLR
viewed from the Moon-based sensor from 2015 to 2020. The
minimum OLR reached 58 mW m−2 and the maximum was
83 mW m−2. The difference between them accounts for nearly
40% of the average OLR in 2015. Meanwhile, the Moon–
Earth distance varied from 3.5 × 105 to 4 × 105 km. With
increasing distance, the OLR significantly decreased. The data
have a polynomial curve, for which the equation is quadratic,
and the coefficient is greater than zero which is shown as
y = 1.566× 10−12x2 − 1.54x+ 0.4286. Moreover, they can
also be fitted with the radiation transmission equation.

Fig. 6 shows the OLR variation without the effects of the
Moon–Earth distance from 2015 to 2020. OLR in these six
years varied from 200 to 235 W m−2. Six-year variations are
used to show interannual variations of EOR, helping to figure
out their similarities and differences. The annual differences
between the maximum and minimum differed; the largest annual
difference was in 2017 (∼31 W m−2) and smallest was in 2020
(∼25 W m−2). In all years, large oscillations occurred in the
middle of the year, while small oscillations happened at the
beginning and end of the year. OLR almost always reached
both the maximum and minimum values in the summer, and
the curves had normal distributions centered in the middle of
one year. Root-mean-square error (rmse) is a potent indicator
to reveal the intensity of OLR variation. Over the six years,



HUANG et al.: EARTH’S OUTGOING RADIATION MONITORING FROM THE MOON 7959

TABLE I
CORRELATION COEFFICIENTS IN SIX YEARS OF OLR

the rmse ranged from 16 to 21, with the minimum change in
2019. Compared with Fig. 3, OLR was characterised by more
unordered and smaller variation, perhaps because the effect of
cloud coverage was magnified. After removing the effects of
Earth–Moon distance, the 27.3-day orbital cycle was not as
distinct as in Fig. 3, but 13 peaks still existed.

In summary, removing the effects of Earth–Moon distance
impacted on the OLR distribution and caused more frequent
oscillations in summer. From the Moon moves from perigee
to apogee, the OLR decreases almost 40% and OSR decreases
about 60%.

2) Seasonal and Diurnal Variations of OLR in the Earth’s
Moon-Facing Hemisphere: OLR is also affect by seasonal vari-
ation. We assigned seasons according to the ERBE ADMs. By
calculating the mean OLR of each season, we found that the
maximum occurred in the summer, and most minima occurred
in the winter. Over the six years, OLR in the summer changed
significantly, but was more stable in the winter. The summer
rmses were two to three times those of the winter. Fig. 7 shows
OLR variation after removing the effects of seasonal variation
from 2015 to 2020. Negative values represent OLR that is
smaller than the seasonal average OLR. The absolute maximum
and minimum values in each year were almost the same; the
difference between them first increased and then decreased, and
was largest in 2017. Compared with Fig. 6, for the entire year,
rmse was lower (15–19). OLR varied more smoothly and the
27.3-day cycle was less and less obvious.

Although OLR variations over six years showed significant
differences, the maximum and minimum values no longer oc-
curred only in summer; that is, the curves of OLR became
smoother.

Fig. 8 shows OLR variation after removing the effect of
diurnal variation. OLR variation was obviously smoothed, and
the rmse within each year was just 9–14. However, the number of
oscillations increased. With 0 as the dividing limit, fluctuations
of the upper and lower parts of the curve were almost the same,
and the average of OLR was only on the magnitude of 10-17.
OLR changed dramatically in the middle of each year; the curves
in Fig. 8 are dense in the middle and scattered on both sides.
The range of OLR was smaller and the maximum and minimum
values converged over six years. In summary, after removing the
effect of diurnal variation, the orbital cycle almost disappeared.

Table I is two correlation coefficients in six years. The first
line represents correlation coefficient before and after remov-
ing OLR seasonal variations and the second line represents
correlation coefficient before and after removing OLR diur-
nal variations. It’s obvious that mean value of coefficient 1 is
bigger than coefficient 2, meaning the diurnal variations have
greater influence than seasonal variations, and hemisphere-scale

Fig. 9. Relationship between earth phase and outgoing shortwave radiation
(OSR) viewed from a Moon-based sensor.

Fig. 10. Relationship between earth phase and outgoing shortwave radiation
(OSR) removing the effects of Earth–Moon distance viewed from a Moon-based
sensor.

observations smooth out the effects of seasons. For different
years, both two coefficients reach to maximum in 2016 and
coefficient 1 reaches to minimum in 2015 and coefficient 2 is
2020, thus, OLR also represents interannual difference.

In summary, our results show that with increasing distance,
OLR significantly decreases and can be written in a negative
quadratic form. After removing the effects of Earth–Moon
distance, the OLR is within the Moon-based platform’s ob-
servational scope, and the magnitude changes from 10−2 to
103. Meanwhile, the orbital cycle becomes less distinct and
seasonal variation is protruded. After removing seasonal and
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Fig. 11. Variation of outgoing shortwave radiation (OSR) within the Moon-based observational scope in (a) 2015, (b) 2016, (c) 2017, (d) 2018, (e) 2019, and (f)
2020.

diurnal variations, the line curve of OLR is smoother with fewer
oscillations. Compared correlation coefficients, the diurnal vari-
ations have greater influence than seasonal variations for six
years. Thus, Earth–Moon distance, seasonal changes, and earth
rotation all affect OLR viewed from a Moon-based sensor, and
hemisphere-scale observations may smooth out the effects of
seasons.

3) Effects of Earth’s Phase on OSR: The scope of OSR is
subject to the sunlit region. Thus, the variation of OSR viewed
from a Moon-based sensor was much larger than that of OLR. A
Moon-based platform can observe the earth in different phases.
When the earth’s phase is equal to 0°, the sunlit vector and
looking vector are in the same direction. At this moment, a
Moon-based sensor can observe almost a whole hemisphere of
the sunlit earth as the OLR scene. Moreover, a solar eclipse
occurs at this time. At this point, the OSR reached its maximum
∼0.092 W m−2). In contrast, when the earth’s phase is equal
to 180°, the Sun, earth, and Moon are on a same line with the
earth in the middle. At this moment, the earth is sunless and
an eclipse of the Moon occurs. At this point, the OSR reached
its minimum (∼5.5 × 10−13 W m−2). The difference of earth’s
phase over the next 2 days was from 4.2 × 10−4° to 0.6°, mostly
concentrated between 0.4° and 0.6°. Meanwhile, the difference
in OSR varied from 2.7 × 10−14 to 4 × 10−3 W m−2. While the
differences in the earth’s phase and OSR did not have a distinct
linear correlation, we still found that when the difference in the
earth’s phase was less than 0.3, the variation of OSR was not
more than 2 × 10−4 W m−2. In contrast, if the difference in
the earth’s phase was more than 0.3, the change in OSR could
reach 4 × 10−3 W m−2. Thus, OSR viewed from a Moon-based
sensor is inversely proportional to the earth’s phase, as shown in
Fig. 9. However, earth’s phase is not treated as influence factor

to OSR, it is more like attribute for OSR. Then, what are other
factors that can influent OSR? Fig. 10 is the relationship between
Earth–Moon distance and OSR after removing the effects of
earth’s phase. It is clear that OSR also has a negative quadratic
relationship with the Earth–Moon distance. From the Moon from
perigee to apogee, the OSR can decrease by 60%.

According to (16), the OSR viewed from a Moon-based sensor
is not only related to the observation solid angle (which depends
on the earth’s phase), but also to incoming solar radiation. Fig. 11
shows OSR variation within the Moon- based observational
scope from 2015 to 2020. That is, OSR after removing the
effects of observation solid angle. In different years, OSR within
the Moon-based observational scope had the same trend. The
minimum was when the earth’s phase was 180° and the maxi-
mum was when the earth’s phase was 0°. There was a distinct
cycle corresponding to the lunar orbit. In one year, OSR first
decreased and then increased, reaching the maximum in June or
July. It then decreased to a minimum in November or December.
Although the OSR variations among the six years were similar,
the maximum values ranged from 261 to 294 W m−2.

Fig. 12 shows the variation in ISR of TOA from 2015 to 2020.
For every year, the ISR trend was almost the same, varying from
0 to 950 W m−2 and explicating an approximately monthly cycle.
Each cycle has its maximum and minimum. For the maximum
values, the larger occurred in the winter when the subsolar
point was to the south of the earth, and the smaller occurred
in the summer. As for the minimum values, the smaller one also
occurred in the summer, however, the bigger one contributed in
the spring and autumn in responses to the Sun–Earth distance
and the earth’s phase.

Fig. 13 shows the ratio between the OSR of the Moon-based
observational scope and the ISR (OSR/ISR) over the six years.
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Fig. 12. Top-of-atmosphere (TOA) incoming shortwave radiation variation in (a) 2015, (b) 2016, (c) 2017, (d) 2018, (e) 2019, and (f) 2020.

Fig. 13. Outgoing shortwave radiation (OSR)/incoming shortwave radiation (ISR) within a Moon-based platform observational scope in (a) 2015, (b) 2016,
(c) 2017, (d) 2018, (e) 2019, and (f) 2020.

This ratio records the absorbed or reflected ability of the earth’s
surface to ISR, varied from 0.25 to 0.58. OSR/ISR is not same
as earth’s surface albedo or TOA albedo. It is used to remove
the effects of ISR to show OSR characteristics because both of
them are affect by earth’s phase. It can also be interpreted as
somewhat weaken the effects of earth’s phase. The minimum

occurred when the earth’s phase was 0°, at which point the earth
was fully sunlit within the observational scope. At this moment,
almost all the earth scene was included, and the OSR/ISR was
closest to the true earth albedo. Moreover, at this time, small
changes in the earth’s phase resulted in small oscillations in
OSR/ISR. In contrast, when the earth was far from fully sunlit,
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the OSR/ISR ratio suddenly increased and then decreased to a
normal value mainly owing to scene changes.

In our work, we mainly summarized three Moon-based earth
EOR characteristics. Previous studies for Moon-based EOR
observations can be divided into three directions. The first is for
EOR monitoring from aspect of Moon-based earth observation
geometry. Ye investigated the temporal sampling error on the
EOR and found the suitable sampling time for EOR [35]. Duan
calculated the EOR earth observational coverage ratio for a
Moon-based platform [36]. The second is radiation simulation
including anisotropy characteristics analysis from sun a long
distance. Wu and Shang [37], [38] described the anisotropy
and isotropy difference, and found anisotropic surface reflection
need to be considered by Moon-based earth observations. The
third is radiation quantification, trying to monitoring EOR more
precisely. Ye [39] explored the ellipsoidal earth model rather
than spherical model for EOR monitoring. Duan [40] precisely
divided the observational scope to 2048 × 2048 pixels to im-
prove EOR monitoring. Our work is the extension of previous
work and have significant role in EOR monitoring.

IV. CONCLUSION

Based on the observation geometry of a Moon-based platform
and an outgoing radiation calculation method at the entrance
pupil of the Moon-based radiometer, this article mainly answers
the question that what characteristics for Moon-based EOR
observations, and what are its peculiarities compared to existing
satellites. The simulated measured OLR and OSR have the same
period as the Earth–Moon distance and correspond to the orbital
cycle. With increasing distance, OLR and OSR significantly
decreased by about 40% and 60%. Their relationships can be
written in a negative quadratic form. After removing the effect
of Earth–Moon distance, OLR has a seasonal distribution, with
large oscillations often occurring in the summer and small oscil-
lations occurring in the winter. This is partly owing to the chang-
ing ratio of scene type and cloud coverage. Moreover, the line
curve of OLR is smoother after removing the effects of seasonal
and diurnal variations. Compared correlation coefficients before
and after removing seasonal and diurnal variations, the latter
have greater influence than the former, meaning hemisphere-
scale observations is less sensitive to seasonal signals. OSR is
inversely proportional to earth’s phase. Using the ratio between
OSR and ISR can remove the effects of earth’s phase, and its
value is close to earth albedo when the earth’s phase is 0°.
With the development of international lunar research stations,
Moon-based earth observations as one of its scientific goals can
be a new area of study. The results of this study will help to
facilitate Moon-based monitoring of EOR.
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