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Abstract: To study the Earth’s energy balance and to extend exoplanet research, the Earth’s outward
radiative flux and its radiance in the Moon-based view were simulated according to the Earth–
Sun–Moon geometry model, with the help of ERA5. A framework was developed to identify the
angular distribution model (ADM) of Earth’s surface and its scene types, according to the surface
and atmospheric data from ERA5. Our simulation shows that the specific viewing geometry controls
the periodical variations in the Moon-based view radiative flux and its radiance, which reflect the
orbital period of the Moon. The seasonal variations in shortwave and longwave radiative flux follow
the energy balance in general, which is probably influenced by the Earth albedo. The derived global
ADM would help to identify the anisotropic factor of observations at DSCOVR. Our simulations
prove that Moon-based observation is a valuable source for Earth observation and that the orbital
information of exoplanets could be derived from the radiance observation.

Keywords: earth radiation; earth energy balance; moon-based observation; exoplanet

1. Introduction

Solar radiation is the radiative force of the Earth climate system (ECS). The Earth
energy balance (EEB) determines our planetary climate by partitioning solar radiation
among land, ocean, and atmosphere [1,2]. For studying and predicting ECS, it is crucial to
understand how to partition solar radiative flux among different components of ECS, e.g.,
Earth radiation budget (ERB). One of the methods of studying ERB is to measure the Earth
radiance using radiometers onboard satellites at various orbits, which is normally used to
derive the top of atmosphere (TOA) outward radiative flux [3]. TOA outward radiative flux
also indicates the characteristics of ECS, e.g., components of atmosphere, photosynthesis
by vegetation, the ocean–land fraction, and so on, and the characteristics of the Earth’s
orbit, e.g., orbit eccentricity [4–6]. If we could take the whole Earth as a “point light”, the
observation system of global TOA outward radiative flux could also help us to build up
new perspectives for studying exoplanets, for example, the rotation of an exoplanet and its
possible climate [4,5].

Since the 1980s, satellite observation systems designed to measure Earth broadband
radiative flux have been built up at low Earth orbit, e.g., Earth Radiation Budget Experiment
(ERBE; [7]) and the Scanner for Radiation Budget (ScaRab; [8]). Taking the important
influences of cloud and aerosol on ERB into account, Clouds and the Earth’s Radiant Energy
System (CERES; [9]) instrument, which measures radiance at three spectral bands, i.e., total
broad band (0.3–100 µm), shortwave band (0.3–5 µm) and “window” band (8–12 µm), was
implemented together with other high-spectral instruments onboard several low Earth
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orbit satellites, i.e., Tropical Rainfall Measuring Mission (TRMM), Terra, and Aqua. Due to
the limitation of the low Earth orbit observation system on spatial coverage and revisiting
time, TOA outward radiative flux derived from narrowband sensors onboard geostationary
satellites have been used to supplement CERES observations, in order to derive hourly
global data that have been accessed since 2000 [10]. However, the observation gaps of
CERES global data are still unavoidable in time domain.

To obtain a continuous whole picture of global TOA outward radiative flux and to
augment the Earth’s radiative flux data, Deep Space Climate Observatory (DSCOVR),
designed to observe Earth radiative flux at Sun–Earth Lagrange-1 (L1) point, was launched
on 11 February 2015 [11–13]. The National Institute of Standards and Technology Advanced
Radiometer (NISTAR) onboard DSCOVR provides continuously radiative flux data over
most of the sunlit side of the Earth as one pixel. However, the global TOA outward radiative
flux derived from NISTAR shows non-negligible differences from that derived from CERES
data, for both shortwave and longwave. The large uncertainty in NISTAR data might be
due to the global angular distribution model (ADM). ADM provides the anisotropic factor
to convert measured radiance to radiative flux at TOA. The Earth Polychromatic Imaging
Camera (EPIC) onboard DSCOVR has been used to convert measured narrowband radiance
to regional TOA outward radiative flux, according to CERES ADMs [11]. The global ADM
is then derived from global radiative flux and its radiance, which are aggregated from
regional data. This scale transformation may introduce large uncertainty for the global
ADM at L1 point.

In addition to the L1 point, a radiometer on the Moon surface would also provide
continuously radiative flux of Earth as one pixel [14–18], but with sunlit illuminated
portions of Earth and viewing angles changing with the revolution of the Moon, as shown
in Figure 1. The viewing geometry of Earth–Sun–Moon (ESM) is similar to that of exoplanet–
star–Earth (ESE) observation systems, where the revolution of the exoplanet leads to the
variations in daytime portions of the exoplanet. The value of this specific viewing geometry
in the study of both Earth energy balance and exoplanet has never been evaluated. The
major problem is that we do not yet have any Earth radiance measurements on the Moon
surface. In the coming 2–3 years, however, several planned national or international
Moon exploration missions will probably be implemented, e.g., NASA’s Artemis program,
Lunar Polar Exploration Mission (joint by India and Japan), and so on. These announced
programs give opportunities for designing a new sensor to measure Earth radiance from
the Moon, e.g., LOUPE (Lunar Observatory for Unresolved Polarimetry of Earth [19]).
Thus, it is very valuable to simulate the Earth outward radiative flux and its radiance in the
view of an observer on the Moon surface. It is also the first time that the global outward
radiation of the whole Earth has been simulated in the Moon-based view.

The purpose of this paper was to evaluate the possibility of utilizing radiance measure-
ments on Moon surface to study EEB and exoplanet. We developed a framework to simulate
the radiance of whole Earth in the Moon-based view and to simulate global anisotropic
factor of the whole Earth, with the help of climate reanalysis data, CERES/TRMM ADMs,
and a geometric model of an ESM observation system. Fast Fourier transform (FFT) was
applied to derive the spectral characteristics of the time series of our simulation. The
detailed introduction on how to apply FFT for harmonic analysis was explained in [20].
The geometric model of ESM was developed and illustrated in [14]. In Section 2, we
introduce the ERA5 used in this paper, illustrate the new method to derive global radiance,
define the global anisotropic factor, and explain the framework to identify the scene type of
ADMs. In Section 3, we demonstrate the simulated global TOA outward radiative flux, its
radiance measured by a radiometer on the Moon surface, and the global anisotropic factor.
A discussion and the conclusion follow.



Remote Sens. 2021, 13, 2535 3 of 27

Remote Sens. 2021, 13, x FOR PEER REVIEW 2 of 27 
 

 

12 μm), was implemented together with other high-spectral instruments onboard several 
low Earth orbit satellites, i.e., Tropical Rainfall Measuring Mission (TRMM), Terra, and 
Aqua. Due to the limitation of the low Earth orbit observation system on spatial coverage 
and revisiting time, TOA outward radiative flux derived from narrowband sensors 
onboard geostationary satellites have been used to supplement CERES observations, in 
order to derive hourly global data that have been accessed since 2000 [10]. However, the 
observation gaps of CERES global data are still unavoidable in time domain. 

To obtain a continuous whole picture of global TOA outward radiative flux and to 
augment the Earth’s radiative flux data, Deep Space Climate Observatory (DSCOVR), de-
signed to observe Earth radiative flux at Sun–Earth Lagrange-1 (L1) point, was launched 
on 11 February 2015 [11–13]. The National Institute of Standards and Technology Ad-
vanced Radiometer (NISTAR) onboard DSCOVR provides continuously radiative flux 
data over most of the sunlit side of the Earth as one pixel. However, the global TOA out-
ward radiative flux derived from NISTAR shows non-negligible differences from that de-
rived from CERES data, for both shortwave and longwave. The large uncertainty in 
NISTAR data might be due to the global angular distribution model (ADM). ADM pro-
vides the anisotropic factor to convert measured radiance to radiative flux at TOA. The 
Earth Polychromatic Imaging Camera (EPIC) onboard DSCOVR has been used to convert 
measured narrowband radiance to regional TOA outward radiative flux, according to 
CERES ADMs [11]. The global ADM is then derived from global radiative flux and its 
radiance, which are aggregated from regional data. This scale transformation may intro-
duce large uncertainty for the global ADM at L1 point. 

In addition to the L1 point, a radiometer on the Moon surface would also provide 
continuously radiative flux of Earth as one pixel [14–18], but with sunlit illuminated por-
tions of Earth and viewing angles changing with the revolution of the Moon, as shown in 
Figure 1. The viewing geometry of Earth–Sun–Moon (ESM) is similar to that of exoplanet–
star–Earth (ESE) observation systems, where the revolution of the exoplanet leads to the 
variations in daytime portions of the exoplanet. The value of this specific viewing geom-
etry in the study of both Earth energy balance and exoplanet has never been evaluated. 
The major problem is that we do not yet have any Earth radiance measurements on the 
Moon surface. In the coming 2–3 years, however, several planned national or international 
Moon exploration missions will probably be implemented, e.g., NASA’s Artemis program, 
Lunar Polar Exploration Mission (joint by India and Japan), and so on. These announced 
programs give opportunities for designing a new sensor to measure Earth radiance from 
the Moon, e.g., LOUPE (Lunar Observatory for Unresolved Polarimetry of Earth [19]). 
Thus, it is very valuable to simulate the Earth outward radiative flux and its radiance in 
the view of an observer on the Moon surface. It is also the first time that the global outward 
radiation of the whole Earth has been simulated in the Moon-based view. 

 
(a) 

Remote Sens. 2021, 13, x FOR PEER REVIEW 3 of 27 
 

 

 
(b) 
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was adapted from [12]. Θ1, Θ2, and Θ3 indicate the varied reflectance of a region on Earth surface; Φ is the relative azimuth 
angle between the solar plane and Moon; E is the center of Earth and Eq is the radius of Earth. L1 is the Earth disc in the 
Moon-based view; Ad is the fractional area of shadow Earth (nighttime, with black color); Av is the fractional area of sunlit 
Earth (daytime, with yellow color). 
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Figure 1. The schematic of the Earth–Sun–Moon geometry (a,b) Earth disc visible to the Moon-based
view. The schematic was adapted from [12]. Θ1, Θ2, and Θ3 indicate the varied reflectance of a
region on Earth surface; Φ is the relative azimuth angle between the solar plane and Moon; E is the
center of Earth and Eq is the radius of Earth. L1 is the Earth disc in the Moon-based view; Ad is the
fractional area of shadow Earth (nighttime, with black color); Av is the fractional area of sunlit Earth
(daytime, with yellow color).

2. Materials and Methods

To simulate the radiance emitted from TOA of the Earth and its measured value ac-
cording to viewing geometry of ESM, we first need a global reanalysis as an approximation
of real ECS, in terms of the TOA radiative flux, as well as the atmospheric and surface
parameters. In this paper, ERA5 reanalysis was implemented, and it is introduced in
Section 2.1. The method of simulating the TOA outward radiative flux and its radiance is
illustrated in Section 2.2, where ADM is introduced, and a method of aggregating regional
radiance to a global one was developed on the basis of a radiative transfer model for a
mixed surface, together with the formula to derive the anisotropic factor for the global
ADM. We explain the atmospheric and surface parameters used to identify the scene type
of CERES/TRMM ADMs and to derive the regional ADM in Section 2.3, and we also
illustrate the methods of estimating these parameters from ERA5. In this paper, we also
need the viewing geometry of ESM orbit for each pixel on Earth every hour, in terms of
the zenith angle of the Sun, viewing zenith angle of the Moon, and relative azimuth angle
between the Sun and Moon. This geometric model was developed and explained in [14].
The method of constructing CERES/TRMM ADMs was described by [21] and is, thus, not
presented here.

2.1. The ERA5 Reanalysis

ERA5 is the fifth generation of atmospheric reanalysis produced by the European Cen-
ter for Medium-Range Weather Forecasts (ECMWF) [22]. It provides hourly estimates for a
large number of quantities on atmosphere, ocean surface, and land surface, which follow
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the laws of physics. With data assimilation, ERA5 combines numerical weather prediction
model data with observations from field measurements and satellite observations, so as to
guarantee the physical consistency in atmosphere layers, land surface, and ocean surface,
in both space and time domains. Thus, the ERA5 could be taken as an approximation of
ECS and used to simulate the radiance of the whole Earth measured in the Moon-based
view in 2017.

In this paper, ERA5 was used to supply the TOA radiative flux data (see Table 1)
and the data needed to identity the scene type of CERES ADM, the latter of which are
illustrated in Section 2.4. In Table 1, solar radiative flux represents the shortwave radiative
flux, and thermal radiative flux represents longwave radiative flux. The radiative flux data
of ERA5 show good agreement with field measurements [23]. ERA5 radiative flux data (in
Table 1) are stored as radiant exposure (ϕ), i.e., accumulating radiative flux for one hour;
thus, the radiative flux (F) can be calculated as follows:

F(θ0; λ) =
ϕ(θ0; λ)

3600
, (1)

where θ0 is the solar zenith angle, and λ is the range of wavelength, e.g., shortwave or
longwave. The outward radiative flux at TOA (Fup) can be derived as follows:

Fup(θ0; λ) = Fdn(θ0; λ)− Fnet(θ0; λ), (2)

where Fdn is the incident or downward radiative flux, and Fnet is the net radiative flux
which is defined as “the incoming radiative flux minus the outgoing radiative flux at the
top of the atmosphere” according to the variable description of ERA5. The downward
radiative flux of longwave is 0.

Table 1. The variables of ERA5 related to TOA radiative flux.

Variables Unit Spatial
Coverage

Spatial
Resolution (◦)

Temporal
Resolution

TOA incident solar
radiation data

(radiant exposure)
J·m−2 global 1 hourly

Top net solar
radiation data

(radiant exposure)
J·m−2 global 1 hourly

Top net thermal
radiation data

(radiant exposure)
J·m−2 global 1 hourly

ERA5 data are gridded to the geographical coordinated system with a spatial res-
olution of 0.25◦. ERA5 has hourly and monthly subsets, for both pressure levels (air
fields from surface to upper atmosphere) and single levels (atmospheric, ocean-wave, and
surface quantities) [24,25]. Due to fast variations in the viewing geometry of the ESM
observation system, we used hourly subsets of ERA5. Simulation with hourly global data
in the 0.25◦ × 0.25◦ grid consumes a huge amount of computation time for a 1 year time
series. In addition, the viewing zenith angle varies very little between nearby pixels in the
0.25◦ × 0.25◦ grid. Thus, in this paper, we aggregated hourly 0.25◦ × 0.25◦ grid data to
the 1◦ × 1◦ grid. This spatial aggregation was done using the Climate Data Store (CDS)
Toolbox, which is an online computation platform operated by Copernicus Climate Change
Service (C3S) and ECMWF.
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2.2. CERES ADM Model to Simulate Regional Radiance

TOA outward radiative flux (F) is the radiant energy emitted, reflected, and scattered
by TOA per unit area. The flux can be related to radiance (I) as follows [21]:

F(θ0) =
∫ 2π

0

∫ π/2

0
I(θ0, θ, φ) cos θ sin θ dθ dφ, (3)

where θ0 is the solar zenith angle, θ is the viewing zenith angle of an observer, and φ is
the relative azimuth angle between the observer and the solar plane. It is difficult to use
Equation (3) to derive the radiative flux from TOA, since the radiance measurements over
the whole hemisphere of a specific area of TOA is unavailable in most of cases. Alternatively,
the Angular Distribution Model (ADM) is a function that converts the radiance, which is
measured at a certain viewing geometry (θ0, θ, φ), to the radiative flux of a certain surface
through the anisotropic factor (R). According to [21], the anisotropic factor at a certain
viewing geometry (R(θ0, θ, φ)) can be calculated as follows:

R(θ0, θ, φ) =
π I(θ0, θ, φ)

F(θ0)
. (4)

Equation (4) shows that the anisotropic factor is the ratio of the flux emitted from a
lambert surface with the radiance of I(θ0, θ, φ) to the real radiative flux F(θ0) that is derived
through Equation (3). ADM supplies the set of the anisotropic factors at various viewing
geometries, so that it can be used to convert the observed radiance to the TOA outward
radiative flux [11,12,21,26], as well as inversely, i.e., to simulate radiance from the TOA
outward radiative flux.

ADM is constructed from a large number of radiance measurements over a specific
type of TOA with a specific radiometer (e.g., CERES). The type of TOA is defined as the
scene type of ADM (denoted as χ), and it is assumed that, within the same scene type,
the anisotropic characteristics of TOA are similar. To account for the large difference in
the anisotropic characteristics due to the variability of atmosphere and cloud conditions
and due to various surface types, e.g., ocean, desert, and vegetated area, scene types of
ADMs use a set of parameters to classify the observed TOA [21], so that the variance of the
anisotropic characteristics within each scene type is smaller than that between different
scene types. The parameterization of ADM scene types also guarantees that there are
enough radiance measurements to calculate the real radiative flux emitted from a certain
type of TOA with Equation (3) and to derive ADM with various viewing geometries with
Equation (4). The method of constructing CERES ADMs was introduced in [21,26].

In this case, the ADMs from CERES/TRMM were implemented. The definition of the
parameters of the scene types of CERES/TRMM ADMs are detailed in Section 2.4. Through
identifying the scene type, CERES/TRMM ADMs can be applied to a region. The radiance
measured from a certain region above Earth ( Î) can be calculated as follows:

Î(θ0, θ, φ, χ) =
R(θ0, θ, φ, χ)F̂(θ0, χ)

π
, (5)

where F̂ is the radiative flux from a region, χ is the ADM scene type of this region, and
R(θ0, θ, φ, χ) is the anisotropic factor for a certain scene type under a certain viewing
geometry. In this case, F̂ is the ERA5 radiative flux from geographical 1◦ × 1◦ grid. It
needs to be mentioned that the scene type of a grid region changes with time, since
the atmospheric and cloud conditions over this region vary dramatically. The influence
of atmosphere and cloud on the anisotropic characteristics of TOA is considered in the
classification of ADM scene types, by taking the parameters of water vapor, optical depth,
cloud fraction, cloud height, and cloud effective emissivity into account. For example,
there are more than 200 scene types in CERES/TRMM ADMs. Thus, by identifying the
scene type of a grid at each observation time, R(θ0, θ, φ, χ) in Equation (5) directly reflects
the anisotropic characteristics of the atmosphere and cloud.
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2.3. Global ADM Model

When we take the whole Earth as one pixel, the definition of ADM is still appliable,
and this ADM represents the global mean condition of the anisotropic characteristics of the
whole Earth at various time points. We call the ADM of the whole Earth the global ADM
(R), which is calculated as follows:

R(t) =
π I(t)
F(t)

, (6)

where I is the mean radiance, and F is the mean radiative flux from Earth surface in the
view of an observer on the Moon surface at a UTC time t.

The viewing geometry of each geographical 1◦ × 1◦ grid on the Earth surface can
be calculated according to t with the viewing geometry model introduced in [14], such
that regional radiance can be derived with Equation (5). According to the zero-order
radiative transfer model for a mixed surface, the mean radiance of the whole Earth (I) is
the summation of the regional radiance weighted by a factor ( f j) as follows:

I(t) =
N

∑
j=1

f j Î
(
θ0j, θj, φj, χj

)
, (7)

where N is the total number of grids on the Earth surface viewed by an observer on the
Moon surface, j indicates the j-th grid involved, Î

(
θ0j, θj, φj, χj

)
is the outward radiance

from the j-th grid, θ0j, θj, φj is the viewing geometry of the j-th grid observed from the
Moon surface at UTC time t, and χj is the scene type of the j-th grid at UTC time t. The
fractional area of each pixel, i.e., f j, can be calculated as follows:

f j =
cos θj cos latj

∑N
j=1 cos θj cos latj

, (8)

where latj is the latitude of the j-th grid on the Earth surface in the Moon-based view. Each
radiance in Equation (7) is emitted from a grid region with various sizes and viewing
zenith angles; thus, it is necessary to take the fractional area and viewing zenith angle into
account when we simulate the global mean radiance. According to [12], the global mean
radiative flux of TOA (F) is the summation of the spatial averaged radiative flux of each
grid as follows:

F(t) =
∑N

j=1 cos latj F̂
(
θ0j
)

∑N
j=1 cos latj

, (9)

where F̂
(
θ0j
)

is the outward radiative flux of the j-th grid on the Earth surface derived
from ERA5. Only the radiative flux from the grids in the view of an observer on the Moon
surface is used in Equation (9).

2.4. The Parameters Identify the Scene Type of CERES/TRMM ADMs

ADMs are derived from the current satellite observation systems for radiative flux
studies, e.g., ERBE and CERES. CERES supplies the newest ADMs with better accuracy than
ERBE ADMs. There are three types of CERES ADMs, i.e., CERES/TRMM Single Scanner
Footprint (SSF) Edition2B ADMs, CERES/Tera SSF Edition2B ADMs, and CERES Terra/Aqua
Edition4 ADMs. The major differences among them are the sensor platform, scanning type of
the CERES instruments, the algorithm and sensors used to identify the scene type, and even
the category of the scene types. In this paper, we used CERES/TRMM SSF Edition2B ADMs
(renamed CERES/TRMM ADMs in this paper), due to their accessibility.

The key point when simulating the regional radiance is to identify the scene type
of CERES/TRMM ADM for each grid on Earth. There are three category of scene types
of CERES/TREMM ADMs: shortwave ADMs, longwave daytime ADMs, and longwave
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nighttime ADMs. Shortwave ADMs have different parameters to identify the scene types
from those of longwave ADMs, as shown in Table 2, because, at longwave, the scattering
of the atmosphere and surface is assumed to be independent of the relative azimuth
angle, and their emittance contributes more than reflectance. The longwave ADMs have
the same parameters but with different classifications between daytime and nighttime.
The parameters used to identify the scene types by CERES/TRMM ADMs were derived
from the coincident measurements from Visible Infrared Scanner (VIRS) onboard TRMM,
atmospheric fields from ECWMF reanalysis, and surface parameters from the International
Geosphere Biosphere Program (IGBP) global land-cover types, listed in Table 2 [21].

Table 2. The surface and atmosphere parameters used in the scene type of CERES/TRMM ADMs.

Wavelength Parameters Definition ERA5 Data

Shortwave

Surface type

Ocean

Land–ocean mask, high
vegetation cover, low vegetation

cover, albedo

Bright desert

Dark desert

Moderate–high tree/shrub coverage

Low–moderate tree/shrub coverage

Cloud category

Clear sky Total cloud cover, total column
cloud ice water, total column

cloud liquid water
Ice cloud

Liquid cloud

Cloud fraction Percentage of cloud cover total cloud cover

Cloud Optical depth Cloud visible optical depth
TOA incident solar radiation, total

sky direct solar radiation at
surface

Wind speed Surface wind speed only for ocean under clear
sky

10 m u-component of wind, 10 m
v-component of wind

Longwave

Surface type

Land
Land–ocean mask, high

vegetation cover, low vegetation
cover

Desert

Ocean

Cloud category

Clear sky (cloud fraction < 0.01%)

Low cloud coverBroken cloud (0.01% < cloud fraction < 99.9%)

Overcast (cloud fraction > 99.9%)

Cloud fraction Percentage of cloud cover Total cloud cover

Precipitable water Water vapor burden from surface to TOA Total column water

Vertical temperature change
Indicator of the lapse rate under clear sky Skin temperature, air temperature

at 700 hpa, cloud base heightIndicator of cloud base height

Cloud effective emissivity
Cloud effective emissivity at VIRS 11-µm, an

indicator for mean emissivity of cloud at
longwave

Cloud base height

These chosen parameters in Table 2 have significant influences on the anisotropic
characteristics of TOA, and the classification of these parameters follows two statistic
principles: (1) the variance of anisotropic factors within each class is smaller than between
classes; (2) there are sufficient samples to build up the ADM for each scene type. For
shortwave, the land surface type and cloud category determine the albedo of Earth, and
their classification is based on the physical definition of each surface or cloud type (see
Sections 2.4.1 and 2.4.2). For the remaining parameters, wind speed over ocean determines
surface albedo, optical depth determines the attenuation of shortwave radiative flux, and
cloud fraction determines the influence level of cloud. These three parameters are stratified
into several intervals to guarantee that there are enough radiance measurements to build
up ADMs by CERES/TRMM. The number of intervals and the interval size for the same
parameter may vary for different surface types [21]. For longwave, the land surface
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type and cloud category determine the emissivity of the Earth surface, and they are also
classified according to the physical definitions. For the remaining parameters, the vertical
temperature change and cloud effective emissivity together indicate the longwave radiative
flux from the cloud, the cloud fraction reflects the contribution level of the cloud to the
total longwave radiative flux, and precipitable water indicates the absorption of longwave
radiation in atmosphere. These four parameters are stratified into the same percentile
intervals, according to the frequency distribution of radiance measurements [21]. Thus, the
classification of most parameters for both shortwave and longwave in Table 2 is identified
through a statistical approach. The global error of CERES/TRMM ADMs is 10 W/m2 at
shortwave and 3.5 W/m2 at longwave.

Among the parameters in Table 2, cloud fraction, precipitable water, and wind speed
were directly derived from corresponding ERA5 data, which have different names but the
same or equivalent definition. Thus, we introduce how to derive the remaining parameters
from ERA5 data in the later subsections.

2.4.1. Surface Type

The surface types used by CERES/TRMM ADMs in Table 2 were identified from
IGBP land-cover types. The land-cover types with similar anisotropic characteristics are
aggregated into the same surface types [21]. For example, all forest land covers, mixed
forest, closed shrubland, and woody savannas are classified into moderate–high tree/shrub
coverage; savannas, crops, and grassland are classified into low–moderate tree/shrub
coverage; open shrubland is classified into dark desert. The IGBP land-cover data used
by CERES/TRMM ADMs have a spatial resolution of 10′, while the spatial resolution
of the ERA5 grid used in this paper is 1◦. This would produce large uncertainty when
directly aggregating surface types from IGBP land-cover data. Alternatively, in this case,
land–ocean mask, high vegetation cover, and low vegetation cover of ERA5 data were used
to identify the surface types for shortwave and longwave, following the principle of surface
type determination used by CERES/TRMM ADMs, as shown in Figure 2. Land–ocean
mask data supply the fraction of land. For coastal regions, grids with land fraction >0.5 are
assigned as land and the rest are assigned as ocean, according to the identification of mixed
scene types by CERES/TRMM ADMs [21]. The desert area identified by CERES/TRMM
ADMs is the combination of desert and its adjacent open shrubland within a distance
less than 10′ [21]. This method could not be applied to the ERA5 grid, due to the coarse
spatial resolution. Thus, we followed the identification of the desert area by ERA5 [27],
i.e., vegetation cover < 0.1. For shortwave CERES/TRMM ADMs, the dark desert surface
is the open shrub land or desert land with shortwave reflectance less than ~22% [21].
Since we did not have reflectance data, ERA5 albedo was applied in this case. According
to the retrieved shortwave broadband albedo of semi-desert [28], when the shortwave
albedo was larger than 0.24, we classified the desert grid as bright desert; otherwise,
it was classified as dark desert. The identification of two vegetation surface types by
shortwave CERES/TRMM ADMs emphasized the occurrence of high vegetation. Thus,
when the fractional area of high vegetation cover was larger than low vegetation cover, we
classified the grid as moderate–high tree/shrub coverage; otherwise, it was classified as
low–moderate tree/shrub coverage. For the surface type of longwave in Table 2, vegetation
area in Figure 2 was classified as land surface types, and we did not separate dark and
bright desert.
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2.4.2. Cloud Category

For shortwave CERES/TRMM ADMs, cloud category reflects the different albedo of
clouds; ice cloud has higher albedo than liquid cloud. Identification of the cloud category
is based on the effective phase index [21], which is defined as the summation of the phase
index of liquid and ice clouds weighted by the corresponding fractional area in each
grid. The phase index and cloud fraction were derived from VIRS observations. When
the fractional area of ice clouds was larger than liquid clouds, the grid was assigned
as ice cloud; otherwise, it was assigned as liquid clouds. Since we did not have VIRS
measurements on the Moon surface, total column cloud ice water and total column cloud
liquid water data in ERA5 were used in this case. We assigned the grid with total column
cloud ice water larger than total column cloud liquid water as that covered by ice cloud
and vice versa. For longwave CERES/TRMM ADMs, cloud category was directly derived
from the cloud fraction, as shown in Table 2.
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2.4.3. Cloud Optical Depth

The cloud optical depth reflects the scattering and absorption of aerosol and cloud,
which reduces the anisotropic factor in shortwave. For CERES/TRMM ADMs, the cloud
optical depth was retrieved directly from the VIRS measurements. ERA5 supplies the TOA
incident solar radiation and the total sky direct solar radiation at the surface, the latter of
which accounts for the direct solar radiation arriving at the Earth surface and excludes
the diffuse solar radiation from the atmosphere and cloud. According to the definition of
optical depth (τ), we can calculate the cloud optical depth as follows:

τ = ln
(

Fi
Fs

)
, (10)

where Fi is the radiation received by the top cloud layer, and Fs is the radiation transmitted
to the whole atmosphere layer and cloud layer and reaching surface. The radiation in
Equation (10) is perpendicular to the top and bottom boundary of cloud, such that the
influence of viewing angle could be eliminated. The TOA incident solar radiation can
be a good estimation of Fi, and the total sky direct solar radiation at the surface of ERA5
can be used to estimate Fs. Aerosol and atmospheric components, e.g., O2, O3, CO2, and
water vapor, can influence our estimation. Cloud, however, is the largest scattering and
absorption source of radiance in the path from the top to bottom layers of cloud. Thus, our
estimations are acceptable when there is cloud cover.

2.4.4. Vertical Temperature Change and Cloud Effective Emissivity

For longwave CERES/TRMM ADMs, vertical temperature change and cloud effective
emissivity in Table 2 were used to identify the scene type of TOA [21]. Under cloudy
conditions, these two parameters depict the longwave radiative flux from the cloud; a
vertical temperature change indicates the cloud height and, thus, the temperature of cloud,
whereas cloud effective emissivity at 11 µm indicates the mean emissivity of the cloud at
longwave. Under clear sky, the vertical temperature change indicates the lapse rate, which
reflects the status of boundary layer [21]. These two parameters are both derived from
the VIRS measurements with auxiliary atmospheric data from ECWMF reanalysis. It is
difficult to derive VIRS measurements from ERA5. In this paper, we tried to estimate these
two parameters purely on the basis of available ERA5 data.

Under clear sky, the vertical temperature change is defined as the temperature dif-
ference between surface and air at a pressure level 300 hpa below surface pressure by
CERES/TRMM ADMs; under cloudy conditions, this is the temperature difference be-
tween the surface and top cloud. Air temperature can be derived from ERA5 multilayer
data, while the temperature of the top cloud is difficult to estimate with ERA5 data. Alter-
natively, ERA5 directly supplies the base height of the cloud; thus, we assumed that the
reference level of the cloud layer was at its base height, instead of the top cloud height. In
this case, the vertical temperature change (∆T) can be estimated as follows:

∆T = Ts − Tc, (11)

where Ts is the skin temperature of the surface, and Tc is the air temperature at 700 hpa
under clear sky and the air temperature at pressure level of the cloud base height for
cloudy conditions.

Cloud effective emissivity is defined as the ratio of the difference between observed
and clear-sky VIRS 11 µm radiance to the difference between cloud emission and clear-sky
radiance by CERES/TRMM ADMs [21]. The cloud effective emissivity cannot be directly
derived from ERA5 data, since no such measurements are available. The effective emissivity
of the cloud bottom layer is related to the cloud base height, as shown in Figure 3, and
it has a good linear relationship with the effective emissivity of the cloud top layer [29].
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Thus, we estimated the cloud effective emissivity (εe f f ) from the cloud base height (h in
km) as follows:

εe f f = −0.0038h3 + 0.0362h2 − 0.1804h + 1.1224. (12)
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The cloud emissivity in Figure 3 is the mean value of observed emissivity within each
1 km interval of cloud base height starting from 0 km; thus, a more robust model to derive
cloud emissivity from cloud base height would be a type of Gaussian process. Since we
did not have the deviation data of cloud emissivity for each interval of cloud base height,
Equation (12) was used as an approximation of real cloud effective emissivity. Figure 4
shows the cloud fraction, TOA longwave radiative flux and estimated cloud effective
emissivity at UTC 3:00 p.m. on 11 February 2017. It is clear that the emissivity at the high
cloud fraction is high, which follows the understanding of cloud emissivity. The cloud
effective emissivity in Figure 4c is in good agreement with the longwave radiative flux in
Figure 4b. Thus, the method of Equation (12) follows the pattern of longwave radiative
flux from clouds in general.

The accuracy of our estimation of these two parameters with ERA5 needs further
studies. The classification of these two parameters used to identify the scene types of
CERES/TRMM ADMS, however, tolerates possible errors in our estimation. When the
remaining parameters are fixed, vertical temperature change can be stratified into four
classes with the same percentile interval according to the frequency distribution of radiance
measurements used to build up the ADM. Cloud effective emissivity is also stratified in
the same way. When the remaining parameters are changed, the stratification interval of
the vertical temperature change or cloud effective emissivity also varies. For example,
when a cloud is over ocean, the cloud effective emissivity interval for the first 25% of
radiance observations ranges from 0 to an upper boundary. For high clouds (with large
vertical temperature change values), the upper boundary of cloud effective emissivity is
between 0.28 to 0.44, increasing with the cloud fraction; for low clouds (with small vertical
temperature change values), the upper boundary ranges from 0.39 to 0.60 [21]. Thus, the
stratification intervals of cloud effective emissivity are related to the other parameters,
e.g., cloud height and cloud fraction, and they together reflect the status of the cloud.
Our estimations of vertical temperature change and cloud effective emissivity are directly
derived from the status of the cloud, e.g., the cloud base height, using statistical models.
This guarantees that our estimation is reasonable and falls into a correct ADM scene type.
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3. Results

We first calculated the viewing geometry of the Earth–Sun–Moon for each ERA5
grid on the Earth surface at each hour of 2017 and determined the grids in the view of
an observer on the Moon surface. The parameters used to identify the scene type of
CERES/TRMM ADMs were derived from ERA5 data at the same time. The anisotropic
factor of each grid was determined from the identified ADM according to the viewing
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geometry. The regional radiance of each ERA5 grid in the Moon-based view was calculated
using Equation (5). The global mean radiance, global mean radiative flux, and global
mean ADM of the whole Earth in the Moon-based view were calculated according to the
method developed in Section 2.3. The simulated global mean radiance is demonstrated
in Sections 3.1 and 3.2, together with the global mean TOA outward radiative flux. The
global mean ADM of the whole Earth is illustrated and analyzed in Section 3.3. FFT was
used here to illustrate the spectral information of time series of the simulated radiative flux
and radiance.

3.1. Global Mean Outward Shortwave Radiative Flux and Its Radiance of Earth in the
Moon-Based View

The sunlit area, illustrated as the positive shortwave outward radiative flux, moves
from east to west on the Earth surface within 1 day due to Earth rotation, as shown
in Figure 5a,c,e. The Earth obliquity leads to movement of the sunlit area between the
northern and southern hemispheres of the Earth. Only part of the Earth surface visible to
the Moon is illuminated by the Sun, while the remainder is on the shadow side of the Earth
(nighttime), as shown in Figure 1b. When the Moon revolves around the Earth, the sunlit
area moves from the eastern edge of the Earth disc in the Moon-based view to the center,
as shown in Figure 5d,f and then it moves from the center to the western edge. Due to the
inclination angle of Moon–Earth orbits, two stripes on the Earth surface in the Moon-based
view can be illuminated by the Sun, as shown in Figure 5b. This phenomenon can be
observed in our daily life; sometimes, just before sunset (the western stripe in Figure 5b) or
after sunrise (the eastern stripe in Figure 5b), the Moon can be observed in the sky together
with Sun. The combination of Earth rotation and Moon revolution complicates the sunlit
Earth surface in the Moon-based view. When we take the sunlit area of the Earth surface in
the Moon-based view as one point, it is difficult to define the viewing zenith angle for this
point, because the curvature of the Earth surface leads to variations in the viewing zenith
angle for each grid on the Earth surface. The sunlit areas at the center of the Earth disc
in the Moon-based view have small viewing zenith angles, while those at the edge have
large viewing zenith angles. Since the sunlit area of the Earth surface in the Moon-based
view increases from the edge to the center and then decreases from the center to the edge
when the Moon revolves around Earth, the size of the sunlit area of the Earth surface in the
Moon-based view was used to indicates the changes in the overall viewing zenith angle, in
this case.

The global mean outward shortwave radiative (OSR) flux emitted from the whole
sunlit area of the Earth surface in the Moon-based view (simulations were calculated
using Equation (9), and the results are shown in Figure 6) is different from the total Earth
TOA OSR flux, and it varied from 0 to ~250 W/m2 in 2017. The global mean shortwave
radiance was simulated from regional radiance using Equation (7), and it varied from 0
to ~120 W/m2sr. The peak values of the global mean shortwave radiance occur when the
sunlit area of the Earth surface in the Moon-based view reaches its maximum, as shown
in Figure 7; at the same time, the global mean OSR fluxes are very close to the mean
shortwave radiative flux of Earth derived from CERES Synoptic flux product (SYN1deg)
data according to the Earth–Sun–DSCOVR geometry [12], but reside in the trough of the
whole time series. The peak values of global mean OSR fluxes occur when the sunlit area
is smaller than its maximum, because small OSR fluxes at the edge of the sunlit Earth
surface is not in the Moon-based view. For example, Figure 5c shows the full picture of
the outward shortwave radiative flux, where the area in America have low radiative flux
(close to the local evening). Figure 5d illustrates the sunlit Earth surface in the Moon-based
view, where the sunlit area in America was not visible to the Moon view. In such a case,
the global mean radiative flux of the sunlit Earth surface in the Moon-based view is higher
than that of the sunlit area of the whole Earth.
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column, i.e., a,c,e) and the hourly TOA outward shortwave radiative flux of the Earth surface in the Moon-based view
(images in the second column, i.e., b,d,f). The images in each row were obtained at the same UTC time.
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We can observe clear monthly periodic changes in the time series of the global mean
OSR flux and the global mean shortwave radiance. The FFT algorithm was used to calculate
and analyze the power spectrum of these two time series, as introduced in [20]. The largest
peak in the power spectrum of the time series of the global mean OSR flux in Figure 8a was
the frequency component with a period of 30.42 days, followed by a secondary component
with a period of 14.04 days, a third one with a period of 365.0 days, and a fourth one
with a period of 9.61 days. The power spectrum of the time series of the global mean
shortwave radiance was similar to that of the global mean OSR flux, although their time
series showed large differences. The frequency components with periods of 30.42 days,
9.86 days, 365.0 days, and 14.02 days in the power spectrum of the shortwave radiance
(Figure 8b) had peak values, but with a different order from those in the power spectrum
of the global mean OSR flux. The frequency components with peak powers in the power
spectrum of these two time series indicated the factors influencing the radiative flux of the
Earth surface in the Moon-based view, as discussed in Section 4.

3.2. Global Mean Outward Longwave Radiative Flux and Its Radiance of Earth in the
Moon-Based View

Outward longwave radiation (OLR) emitted from almost half the Earth surface was in
the Moon-based view, as shown in Figure 9. The rotation of the Earth and the lunar orbital
inclination lead to different areas of the Earth surface being in the Moon-based view at
different observation times (see Figure 9). When the Moon revolves from the conjunction
position to the opposite position of its orbit, the sunlit area of the Earth surface in the Moon-
based view changes from its maximum to the minimum (see Figure 7), while the shadow
Earth area in the view changes synchronously but in a reverse way. The global mean OLR
flux of the Earth in the Moon-based view calculated with Equation (9) varied from 230 to
~260 W/m2, and the global mean longwave radiance calculated with Equation (7) varied
from 70 to 80 W/m2sr, as shown in Figure 10. There is a clear monthly cycle in the time
series of the global mean OLR flux and the global mean longwave radiance, due to the
periodic sunlit/shadow area changes in the Earth surface visible to the Moon-based view.
In Figure 10, the peak global mean OLR fluxes occurred when the sunlit area in the Moon-
based view reached its maximum; on the other hand, extremely low OLR fluxes occurred
when the shadow Earth surface in the Moon-based view reached its maximum. The peak
values of the global mean OLR fluxes (Figure 10) consisted of the upper envelope of the
time series and showed a clear seasonal change in 2017. They increased from February,
reached the maximum in July, and then decreased, reaching the minimum in November,
followed by a slight increase, reaching a second peak in January. This variation in the
peak values of global mean OLR fluxes is similar to that of OLR fluxes of the sunlit side
of Earth derived from CERES SYN1deg data [12], according to the Earth–Sun–DSCOVR
geometry. The extremely low values consisted of the lower envelope of the time series of
global mean OLR fluxes and had the opposite tendency to the upper envelope in Figure 10.
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This reverse tendency between upper and lower envelopes of the time series of OLR led
to the amplitude of the variation in each month cycle increasing gradually from February
to July and decreasing after August, as shown in Figure 10. The global mean longwave
radiance of Earth surface in the Moon-based view varied in the same pattern with the
global mean OLR fluxes. The induced global ADM seemed to have little impact on the
variation of radiance. The difference in the spectral features between the power spectrum
of the time series of the global mean OLR flux and the global mean longwave radiation
was small, as shown in Figure 11. They both had the same frequency components with
periods of 365 days, 30.4 days, and 1.03 days having the largest peak values, as shown in
Figure 11. The possible causes of the variation characteristics of the global mean OLR flux
and its radiance are discussed in Section 4.
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Figure 9. The hourly TOA outward longwave radiative flux of the whole Earth derived from ERA5 (images in the first 
column, i.e., a,c,e) and the hourly TOA outward longwave radiative flux of the Earth surface in the Moon-based view 
(images in the second column, i.e., b,d,f). The images in each row were obtained at the same UTC time. 

Figure 9. The hourly TOA outward longwave radiative flux of the whole Earth derived from ERA5 (images in the first
column, i.e., a,c,e) and the hourly TOA outward longwave radiative flux of the Earth surface in the Moon-based view
(images in the second column, i.e., b,d,f). The images in each row were obtained at the same UTC time.
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3.3. Anisotropic Factor of the Global ADM

The global ADM is a function of observation time in Equation (6), and it was derived
using global mean radiative flux calculated with Equation (9) and global mean radiance
calculated with Equation (7). The anisotropic factor of the global shortwave ADM is shown
in Figure 12, together with the power spectrum of its time series. The global shortwave
anisotropic factor varied between 0.5 and 2.5 and had a clear periodical cycle, as shown
in Figure 12a. In the power spectrum of the time series of the global mean anisotropic
factor of shortwave (Figure 12b), the frequency component with a period of 14.6 days had
the largest peak value. The daily variation was small in the global anisotropic factor of
shortwave. The fractional area of the sunlit Earth surface observed in the Moon-based view
was calculated as the ratio of the observed sunlit area to the maximum sunlit Earth area
observed in the total 1 year period. The global anisotropic factor reached a peak when the
peak fractional area of the observed sunlit Earth surface occurred. When the fractional area
of the observed sunlit Earth surface was close to 0.4, the global anisotropic factor reached
a trough with a value around 0.7. When the fractional area of the observed sunlit Earth
surface was less than 0.4, the global anisotropic factor quickly increased to around 2.5.
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When the fractional area of the sunlit Earth surface in the Moon-based view reached its
maximum, the center of the Earth surface visible to the Moon-based view was illuminated
nearly perpendicularly by Sun; thus, the viewing zenith angle and the solar zenith angle of
the center area were both close to 0◦. In this condition, the regional ADMs of both land
and ocean cover would reach a peak, regardless of the cloudy conditions, according to the
CERES/TRMM ADMs [21].

The global anisotropic factor of longwave was calculated in a similar way to that of
shortwave, and it varied between 0.99 and 1.07, as shown in Figure 13a. For the sunlit
Earth area in the Moon-based view, daytime CERES/TRMM ADMs were used to calculate
the radiance; for shadow Earth area, nighttime ADMs were used. Due to the two different
classes of ADMs used in our simulation, in a monthly cycle, the global longwave anisotropic
factor had two peak values; one occurred when the fractional area of the observed sunlit
area reached its minimum, while the other occurred when the fractional area of sunlit
Earth reached its peak, as shown in Figure 13a. In the power spectrum of the time series
of the global anisotropic factor of longwave, the largest three peak values occurred in the
frequency components with periods of 0.52 days, 13.52 days, and 1.05 days.
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4. Discussion
4.1. Impact of Earth Climate on the Radiance of the Earth Surface in the Moon-Based View

When we measure the radiance of Earth outward radiative flux in the Moon-based
view, as shown in Figure 1, the whole Earth is observed as one pixel object, whereby the
Earth is a thermodynamic system whose external forcing (mainly from solar radiation)
and outward radiation are generally in balance. ECS allocates the solar radiation into the
different components, and it shapes the shortwave and longwave radiation of the whole
Earth outward to space [1,2]. With climate reanalysis, i.e., ERA5 in this paper, global mean
OSR fluxes and global mean OLR fluxes of the Earth surface in the Moon-based view were
derived, and their radiance was calculated using CERES/TRMM ADMs. Clear periodical
signals were induced in the time series of derived global mean radiative fluxes and their
radiance, as shown in Sections 3.1 and 3.2. According to [20], if one time series is a function
of some parameters, the power spectrum of the time series includes the spectral features
of its contained parameters. Thus, some of these signals are probably related to the Earth
climate, as discussed in this section; the remainder are probably related to the Earth’s
rotation and the Moon’s orbit, as analyzed in Section 4.2.

In addition to the clear monthly cycle, which was probably due to the Moon’s orbit, in
the time series of the global mean OSR flux (Figure 6), the annual cycle was also obvious,
and it had the third largest peak power in its power spectrum (Figure 8a). From the changes
in the upper envelope of the time series of the global mean OSR flux in 2017, we could
find that OSR flux decreased from February to July and then increased again. After taking
the anisotropic characteristics of TOA into account, this annual cycle persisted in the time
series of the global mean shortwave radiance (Figure 6) and could be observed clearly in
its power spectrum (Figure 8b). There might be two sources of this annual cycle: (1) instant
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incident solar radiation changes with Earth–Sun distance varying between perihelion and
aphelion positions [12]; (2) seasonal changes in the Earth albedo. The second reason may
contribute more than the first, since the solar radiation accumulated over a period of time is
constant according to Kepler’s second law. The daily variation in OSR flux and its radiance
is mainly due to the Earth’s rotation, which induces changes in the cloud fraction and its
physical properties. The global mean OSR flux and its radiance do not have large daily
variations, as shown in Figure 6, and the power of the daily frequency component is much
smaller than that of components representing the monthly and annual cycles in the power
spectrum, as shown in Figure 8. Our simulation indicated that the cloud influence on
outward shortwave radiation is relatively small in the Moon-based view, which is probably
due to the rapid reduction in sunlit Earth surface, as shown in Figure 7.

The global mean OLR flux of the Earth surface in the Moon-based view (Figure 10)
had obvious daily variations, with clear monthly and annual cycles. Similar features could
also be observed in the time series of global mean longwave radiance, which could be
determined from the spectral features in the power spectrum of the OLR flux and its
radiance. To remove the daily variations, the monthly average of the global mean OLR flux
was calculated in Figure 10, and it showed a tendency opposite to the global mean OSR flux,
which is probably due to the energy balance of the Earth and indicates that the changes in
Earth albedo may be the major source of the annual cycle in both OLR and OSR fluxes. The
daily variations in the global mean OSR flux and its radiance were larger than those in the
OSR flux and its radiance, despite being related to the same factors, i.e., the Earth’s rotation
and the changes in cloud properties. The major reason for this discrepancy is that the area
of the Earth surface in the Moon-based view that contributes to the outward radiation is
different. For longwave, both the shadow side and the sunlit side of the Earth surface in the
view contribute to the outward radiation (L1 and L2 regions in Figure 1b); for shortwave,
only the sunlit area of the Earth surface in the view is considered. Rapid changes in the
sunlit Earth surface in the view suppress the daily variations in the shortwave radiative
flux. However, periodical changes in the sunlit Earth area in the Moon-based view (in
Figure 7) induce the monthly cycle in the global mean OLR flux and its radiance.

The variation characteristics in the time series of the global mean OLR flux indicate
the influences of the Earth’s climate, albedo, and obliquity on the Earth energy budget.
The OLR flux is closely related to the Earth surface temperature, especially under clear-sky
conditions [30,31]. The variations in the global mean OLR flux in Figure 10 directly reflect
the changes in global averaged surface temperature of the Earth. In March and September,
the maximum insolation is close to the equator, and the northern and southern hemispheres
are equally illuminated by solar radiation. Near the equinox days, the temperature gradient
along the latitude is close to the symmetric condition [32,33]. Since the maximum insolation
is close to the equator, the hotspot of surface temperature is in the tropic zone, where the
diurnal variation in surface temperature is small. Thus, in February, March, and October of
2017, the peak OLR fluxes were close to these extreme low values, and the amplitude of
monthly cycle was small. When the maximum insolation moves southward or northward,
the hotspot of surface temperature moves simultaneously and leads to the asymmetric
distribution of surface temperature [32,33]. The sunlit Earth surface simultaneously com-
prises the surface in winter and summer in both hemispheres, as does the shadow Earth
surface. Due to the Earth’s obliquity, in summer, the area of sunlit Earth surface with a
relatively high temperature in summer is larger than that with a relatively low temperature
in winter, whereas the area of shadow Earth surface with a relatively high temperature is
smaller than that with a relatively low temperature. The most evident phenomena are the
polar day and polar night. Thus, the spatially averaged surface temperature of sunlit Earth
in summer/winter is higher than that in spring/autumn; the spatially averaged surface
temperature of shadow Earth in winter/summer is smaller than that in spring/autumn.
This probably explains why the peak OLR fluxes increased from March to July and from
November to January in 2017, whereas the extremely low OLR fluxes, reflecting the surface
temperature of shadow Earth, decreased from April to July and from November to January.
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The monthly amplitude in the time series of the global mean OLR fluxes (in Figure 10)
reflects the heating rates of Earth, since the sunlit Earth surface in the Moon-based view
changes periodically from its minimum to its maximum with the revolution of the Moon,
as shown in Figure 7. When the maximum insolation moves southward or northward
from the equator, in the sunlit Earth surface, the recession area of snow and ice becomes
gradually larger than the increased area of snow and ice, mainly due to the obliquity
of the Earth. Although the specific heat capacity of snow and ice is smaller than that
of water, the large thermal conductivity of snow and ice leads to the rapid transfer of
surface heat to deep layers. In addition, the high albedo of the snow/ice surface leads to
less absorption of solar radiation, compared with the water surface. These factors mean
that, when ice/snow is melting, more solar radiation is absorbed by the Earth surface and
increases the surface temperature [34]. The surface type changing from snow/ice to water
probably dominates the monthly amplitude increase when the maximum insolation moves
to the southern hemisphere.

When the maximum insolation moves to the northern hemisphere, in addition to
the changes in snow/ice coverage, the increases in vegetation coverage and leaf area
index (LAI) also contribute to gradually increasing the heating rates from March to July.
Compared with dry bare soil or desert, vegetation has low albedo and, thus, absorbs
more solar radiation [34,35]. The temperature of the vegetation canopy, however, does
not increase as quickly as that of bare soil, mainly due to the evapotranspiration. More
solar radiation is transferred into latent heat by vegetation, so as to keep the vegetation
surface cool and force the movements of air and water. The kinetic energy enhances the
heat transfer from warm regions to cool regions through the atmosphere. The increased
water vapor in the atmosphere enhances the hydrological cycle [36]. The latent heat stored
in the atmosphere is released to sensible heat via condensation and precipitation. Thus,
vegetation changes the heating rate of the Earth, and this influence could be observed
from the changes in the monthly amplitude of the time series of the global mean OLR flux
from March to July (see Figure 10). The above variations in the global mean OLR flux
also persisted in the global mean longwave radiance observed in the Moon-based view.
Overall, long-term observations of OLR on the Moon surface would directly reflect the
climate change of the whole Earth.

4.2. Implication for Exoplanet Studies from Moon-Based Radiatiance Observations

It is very important for exoplanetary research to identify the rotation period and its
orbital information from the observed spectral data [5,37]. In previous studies, the changes
in sunlit area were seldom considered. The sunlit exoplanet surface in the view of Earth,
however, may be periodically due to the revolution of the exoplanet, similar to the sunlit
Earth surface in the Moon-based view. With this change in sunlit surface in the Moon-based
view, variations in both shortwave and longwave radiance had a strong monthly cycle,
as shown in Figures 6 and 10, with frequency components of 30.42 days, 14.04 days, and
9.61 days having peak values in their power spectrum, as shown in Figures 8b and 11b.
These frequency components were directly related to the sunlit Earth surface in Figure 7.
Among these three frequency components, the component with 30.42 days had the largest
power, related to the revolution period of the Moon. In the power spectrum of longwave
radiance (Figure 11b), the daily variation was very significant, probably related to the
rotation of the Earth. The rotation of the Earth introduces various surface and atmospheric
conditions into the view. In shortwave radiance, the daily variation is weak but observable.

The global ADMs of both shortwave and longwave varied with time for the observed
radiance in the Moon-based view, as shown in Figures 12 and 13. The effect of anisotropic
characteristics on the spectral analysis of exoplanets needs more consideration, especially
when we want to identify the components in the atmosphere and cloud of an exoplanet [38].
Through the simulations, we found that the global anisotropic factor of shortwave is closely
related to the area of sunlit Earth surface in the Moon-based view, especially then the
fractional area of the sunlit surface is larger than 0.6, as shown in Figure 14. Thus, we
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introduce a simple method to derive the global mean shortwave anisotropic factor for an
exoplanet (R(x)) with atmospheric components similar to Earth as follows:

R(x) = 6.56x2 − 8.17x + 3.35, (13)

where x is the fractional area of the sunlit (daytime) exoplanet in the view. With Equation (13),
the global mean anisotropic factor of shortwave is related to its sunlit (daytime) surface, instead
of the observation time. This would reduce the complexity in building up a high-accuracy
geometric model. The uncertainty of the model in Equation (13) is around 0.2. When the
viewing geometry is similar to that of NISTAR, i.e., the fractional area of the sunlit surface
is close to 1.0 (see Figure 14), the global anisotropic factor of shortwave has uncertainty as
large as 0.3. This indicates that the global anisotropic factor of shortwave used by NISTAR
is more sensitive to cloud physics, ocean winds, and surface types. Thus, more research is
needed if we want to reduce the uncertainty in Equation (13), by taking the surface and
cloud conditions into account. Since the sunlit surface in the Moon-based view overlaps
that of the DSCOVR view, the anisotropic factor derived from Moon-based observations
would help to calibrate that used by NISTAR. Meanwhile, the global anisotropic factor
of longwave in the Moon-based view also fluctuates, as shown in Figure 13a. Its range,
however, is small, especially when the fractional area of the sunlit surface close to 1.0. A
constant global anisotropic factor of longwave could be used by NISTAR to evaluate its
error sources.
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4.3. Error Analysis for the Simulations

The error in our simulations of regional radiance (E
(

Î
)
) can be expressed as follows:

E
(

Î
)
= E(data) + E(ADM) + E(S), (14)

where E(data) is the error due to the reanalysis, E(ADM) is the error due to the ADMs,
and E(S) is the error due to our methods used in identifying the scene types of ADMs.
Since we calculated and analyzed the global radiance in this case, the error E
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I
)

can be
calculated as follows:
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where E
(
dataj

)
, E
(

ADMj
)
, and E

(
Sj
)

are the reanalysis error, ADM error, and the error of
our method used in identifying the ADM scene type for j-th grid on the Earth surface in
the Moon-based view, and N is the total number of grids in the view. The error of global
ADM is similar to that in Equation (15).
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ERA5 is the newest version of reanalysis developed by ECWMF. The accuracy of
longwave and shortwave radiation of ERA5 has been studied at several locations, better
than other reanalysis methods [23,39]. At the global scale, however, there is need for more
studies and further analysis. In our simulations, OSR of the whole sunlit Earth surface was
close to that derived from CERES SYN1deg data, while OLR was larger [12]. The cause of
the difference in OLR is unknown. Possible reasons could be related to the aspect of CERES,
i.e., the uncertainty in the derivation of broadband longwave radiance from multiband
observations and in the derivation of the anisotropic factor under thin clouds, or from an
overestimation by ERA5. The global mean error introduced by CERES/TRMM ADMs
to the radiation flux was 10 W/m2 at shortwave and 3.5 W/m2 at longwave, for all-sky
conditions [40]. The errors in the ADMs and our methods used in identifying the scene
types of ADMs were closely related. In the shortwave, most parameters in Table 2 were
directly derived from ERA5, while, in the longwave, the vertical temperature difference
between surface and cloud and the cloud effective emissivity were estimated from cloud
base height, which may have introduced large uncertainty. This uncertainty was mitigated
by the stratification method used to identify scene types [21].

It is reasonable to assume that errors in the reanalysis and ADM in Equation (15) had
a mean of zero and a certain deviation. Equation (15) integrates errors of the grids in the
view, whereby when the number of grids involved is increased, the global error in the
reanalysis and ADM would be mitigated [11,12]. This could be proven from the global
shortwave ADM at a certain level. When the fractional area of the sunlit Earth surface
in the view was larger than 0.6, the variation in the global shortwave anisotropic factor
was relatively small, as shown in Figure 14. When the fractional area of the sunlit Earth
surface was less than 0.5, the global shortwave anisotropic factors became scattered, as
shown in Figure 12a. To access the error due the method used in identifying the scene
types in this case, we calculated the shortwave anisotropic factor of the sunlit face of Earth
on 4 January 2017 at 11:17 a.m. UTC and on 15 May 2017 at 12:17 p.m. UTC. The global
shortwave anisotropic factors derived using our method were 1.24 and 1.22, respectively,
while those derived from EPIC observations were 1.24 and 1.275, respectively [11,12]. The
global longwave anisotropic factor of the sunlit face of Earth derived using our method on
15 May 2017 at 12:17 p.m. UTC was 1.041, while that from EPIC observations was 1.041.
This difference is small and probably due to the different types of ADMs used in EPIC.
This proves that the method we developed to identify the scene types is not biased.

Overall, the errors in Equation (15) would not influence our analysis and conclusions
about factors related to the periodical variations in time series of both shortwave and long-
wave radiance. This is because, after spatially averaging, the possibility that component
errors in Equation (15) would be periodical is very low.

5. Conclusions

The global TOA outward radiative flux and its radiance of the whole Earth observed
in the Moon-based view was simulated in this study, with the help of ERA5 reanalysis.
The value of this specific viewing geometry in current Earth observation and exoplanet
research was evaluated through studying the time series of the simulated outward radiative
flux and its radiance. ERA5 data in a 1◦ × 1◦ grid were used as an approximation of the
real Earth climate system in our simulation and supplied hourly data on net outward
radiation, surface types, wind speed, cloud properties, and physical parameters of the
atmosphere. The developed framework implemented ERA5 data to estimate the surface
and atmospheric parameters used to classify the scene types of CERES/TRMM ADMs,
such that the ADM for each grid region on the Earth surface at each time step was identified.
The regional radiance was derived from TOA outward radiative flux with the identified
ADMs. The regional radiance in the Moon-based view was aggregated into the global
mean radiance, weighted by its fractional area and its viewing zenith angle. The global
ADM of the Earth surface in the Moon-based view was derived from the global mean
outward radiative flux and their radiance.
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We found that the Earth–Sun–Moon orbit leads to the sunlit Earth surface in the
Moon-based view changing periodically. In shortwave, this periodical change controls
TOA outward radiative flux. The spectral features of the time series of OSR flux and its
radiance directly reflect the lunar orbital period, i.e., 29.5 days, and they also indicate
the Earth’s rotation with relatively lower power values. These characteristics would help
derive the orbital information of exoplanet with radiometers. The global anisotropic factor
of shortwave had a close relationship with changes in the sunlit Earth surface in the view,
especially when the fractional area of sunlit surface was larger than 0.6.

In the longwave, the periodical changes of sunlit Earth surface in the Moon-based
view led to the clear monthly cycles in the time series of both global mean OLR flux
and its radiance. The global anisotropic factor of longwave induced mainly from cloud
properties seemed to have little impact on the radiance, because the global longwave
anisotropic factor varied in a small range from 0.99 to 1.07. The OLR fluxes from the
sunlit Earth surface in the Moon-based view depicted the upper envelope of the time
series of OLR, indicating the surface temperature in the northern/southern hemispheric
summer, whereas that from the shadow Earth surface in the view depicted the lower
envelope, indicating the surface temperature in the northern/southern hemispheric winter.
We found that the energy balance controls the fluctuations of OSR flux and OLR. One of
the major factors determining the global OSR and OLR is the Earth albedo. The changes
in the amplitude of monthly cycles of OLR indicate the changes in global albedo. Thus,
Moon-based observation of TOA outward radiative flux would supply a new perspective
to monitor and study Earth energy balance in the future. The anisotropic factor of the
Earth surface in the Moon-based view could help the calibration of the anisotropic factor
used by NISTAR, especially when the fractional sunlit Earth surface in the Moon-based
view is larger than 0.6. Although the ADMs used in our case are different from those used
by NISTAR, the influences of surface type and cloud on the ADMs are similar. Overall,
observation from the Moon would not only supply a good calibration source, but also be a
new perspective for Earth energy balance studies and exoplanet studies.
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