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Abstract: Moon-Based Earth Radiation Observation (MERO) is expected to improve and enrich the
current Earth radiation budget (ERB). For the design of MERO's instrument and the interpretation of
Moon-based data, evaluating the uncertainty of the instrument’s Entrance Pupil Irradiance (EPI) is
an important part. In this work, by analyzing the effect of the Angular Distribution Models (ADMs),
Earth’s Top of Atmosphere (TOA) flux, and the Earth-Moon distance on the EPI, the uncertainty
of EPI is finally studied with the help of the theory of errors. Results show that the ADMs have a
stronger influence on the Short-Wave (SW) EPI than those from the Long-Wave (LW). For the change
of TOA flux, the SW EPI could keep the attribute of varying hourly time scales, but the LW EPI will
lose its hourly-scale variability. The variation in EPI caused by the hourly change of the Moon-Earth
distance does not exceed 0.13 mW-m~2 (10). The maximum hourly combined uncertainty reveals
that the SW and LW combined uncertainties are about 5.18 and 1.08 mW-m~2 (10), respectively. The
linear trend extraction of the EPI demonstrates that the Moon-based data can effectively capture the
overall linear change trend of Earth’s SW and LW outgoing radiation, and the uncertainty does not
change the linear trend of data. The variation of SW and LW EPIs in the long term are 0.16 mW-m~2
(SW) and 0.23 mW-m~2 (LW) per decade, respectively. Based on the constraint of the uncertainty, a
simplified dynamic response model is built for the cavity radiometer, a kind of MERO instrument,
and the results illuminate that the Cassegrain optical system and electrical substitution principle can
realize the detection of Earth’s outing radiation with the sensitivity design goal 1 mW-m~2.

Keywords: irradiance; radiation budget; moon-based earth observation; uncertainty analysis

1. Introduction

The extreme weather events caused by global warming, the typical feature of climate
change, have threatened the survival and development of human beings [1,2]. The Earth
Radiation Budget (ERB), a relationship between incoming solar radiation and outgoing
radiation at the height of Earth’s Top of Atmosphere (TOA), is the key part of monitoring
and understanding Earth’s climate and how it is changing with time. The outgoing Earth’s
radiation includes reflected Short-Wave (SW: 0.2-5 um) Radiation (OSR) and Long-Wave
(LW: 5-200 pm) infrared Radiation (OLR) [3-6]. At present, the OLR and OSR are obtained
with dedicated ERB satellite instruments, such as Earth Radiation Budget Experiment
(ERBE) [6-8], the Clouds and the Earth’s Radiant Energy System (CERES) [9], the Geosta-
tionary Earth Radiation Budget (GERB) [10,11], and the Deep Space Climate Observatory
(DSCOVR) [12]. Until now, satellite-based data products have enhanced our understanding
of the ERB and many important climatic features, such as the role of clouds and aerosols in
the ERB [6,13]. However, unfortunately, satellite-based observations are still facing many
challenges and limitations. Usually, the design life of a satellite is 5 to 10 years, but the
time span demand of the ERB research for high-quality data is decades or even hundreds
of years, so the limited longevity will limit the continuity of available data. The satellite
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altitude of hundreds of kilometers also limits the temporal sampling of Earth observation
and the instantaneous field of view. In addition, the calibration between different satellite
observation equipment, data fusion, and the generation of high-frequency global-scale data
still face the challenge of improving accuracy [14-18].

The Moon, a special potential platform, is different from artificial satellites. The huge
surface space on the nearside is a great position for setting the Moon-based Earth Radiation
Observation (MERO) instrument to measure the ERB [17-19] and it also provides many
options for a great variety of instruments to obtain all kinds of long-term, time-series, high-
frequency observations data [17]. Most importantly, the establishment of manned scientific
research stations on the moon in the future will provide unprecedented opportunities
for calibration of different equipment, collaborative earth observation, and long-term
maintenance of instruments, compared with satellites in orbit that cannot be repaired and
tested. The average radius is 6371 km, and it is approximately 1/60th of the Earth-Moon
distance (average ~ 3.8 x 10° km), which allows MERO instruments to observe 49 percent
of Earth with a field of view of 2.2 degrees [19]. The nearly planetary hemispherical
scale for the MERO instruments can provide continuous measurements for the Earth’s
full-disk broadband irradiance and it will reduce the data inconsistency from the viewing
geometry difference. For the time scale of several decades, the latitudes of the Moon’s
nadir point vary from 28°43'N to 28°43'S. Therefore, the MERO instruments can capture
the OLR and OSR with continuously changing angles [20]. Compared with satellite-based
platforms such as ERBE, CERES, and GERB, the multi-angle and large-scale Moon-based
observation data can effectively capture the high-frequency (minute-level) coupling effect
of heat flow between different regions of the Earth (equator to polar regions) [21-23]. Until
now, several studies have been carried out for the Earth observations from the Moon-based
platform, and the work mainly focuses on the geometric simulation [16,17,20,22,23], the
sampling scheme, and the potential applications [21,24-26]. Although the special working
environment also brings some new challenges to the MERO instrument, such as the up to
300 K temperature difference between day and nighttime [27] and the high-energy particles
from outer space [28,29], fortunately, similar situations and challenges also appear for
satellite observation, lunar landers, and rovers. In addition, many advancing instrument
technologies have been invented and applied to overcome these challenges [28-30].

The MERO instrument’s entrance pupil irradiance (EPI) is the energy that reaches
the entrance pupil plane, and then it arrives at the detection element. Afterwards, the
unfiltered irradiance is converted to a digital signal and is processed and saved by the
electrical system [30]. The EPI is the input energy source of the dedicated radiometer, so
ascertaining the variation characteristics and uncertainty of irradiance is highly important
for the selection of materials and the structural design to obtain the highest SNR under a
certain manufacturing cost. In addition, the corresponding Moon-based data processing
method is also closely related to the various uncertainties of EPI. Currently, however, little
research has focused on the uncertainty of the EPI and the follow-on parameterization for
a MERO instrument. In this work, the uncertainty of the EPI for the Moon-based Earth
radiation observation instrument is analyzed. The manuscript is structured as follows.
Section 2 describes the observation geometry and the analytical method of uncertainty.
Section 3 shows the results and findings. Some discussions about the uncertainty and
further expansion are presented in Section 4. Section 5 summarizes and concludes.

2. Materials and Methods
2.1. Observation Geometry

Due to the orbit characteristics of the Moon being different from the low-orbit and
Geostationary-orbit satellites, it is necessary to build a new observation geometric model
for the Moon-Based Earth Radiation Observation (MERO) instrument [16,19]. As shown in
Figure 1, the MERO instrument-viewed region of the Earth is nearly a hemisphere (region
A plus region C). Because the sunlight hits the Earth’s Top of Earth’s Atmosphere (TOA)
almost parallel, at the Earth’s TOA, the instantaneous MERO instrument-viewed regions
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include a part of the bright surface (region A) and a part of the dark surface (region C). The
bright surface emits not only the Outgoing Long-Wave (LW) Radiation (5-200 pm) (OLR)
but also the Outgoing reflected Short-Wave (SW) Radiation (0.2-5 um) (OSR). However,
the dark surface only has the OLR (region C). Since the nearside of the Moon can always
observe the Earth and the Earth’s rotation cycle is 24 h, the MERO instrument located on
the nearside covers the whole Earth in one day [20,21]. In addition, due to the change of the
Moon’s orbit plane and the Earth’s rotation, the near-half area of the Earth’s TOA observed
by the MERO instrument varies with time and the Sun-lit part on the Earth’s TOA also
is a temporal variable. Therefore, the change in the geometrical relationship will enrich
the angle sampling capability of the MERO instrument [20,31] and it will also bring large
uncertainties to the radiation transfer.

Sunlight

Sunlit region of the Moon-viewed region

B Sunlit area invisible from the Moon

Non-sunlit portion of the Moon-viewed region

Figure 1. Geometrical relationship among the Earth, the Sun, and the Moon-based Earth radiation
observation instrument.

2.2. Radiation Transfer Function

The Entrance Pupil Irradiance (EPI), @, measured by the MERO instrument, at a lunar
location (latitude fyjoon and longitude Anoon), is a triple-integral function of the Earth’s out-
going radiation from all positions within the MERO instrument-viewed region [18,20,32], as
shown in Equations (1) and (2). Although the method of achieving the conversion between
radiance and irradiance has evolved over time, the general method, radiation transfer
function, remains the same [18,32,33]. Therefore, the instrument’s SW and LW EPI, &gy
and Py, can be derived from Equations (1) and (2). To derive the MERO instrument’s SW
and LW EPI, the temporal-spatial distribution of the MERO instrument-viewed area and the
sunlit portion at the Earth’s TOA should be first derived. Following that, the numerical in-
tegration method was utilized by discretizing the MERO instrument-viewed region and the
sunlit portion into various elements and grids, as shown in Figure 2. The rationale behind
the numerical integration method is to summarize the individual contributions of every dis-
crete grid node or region in the MERO instrument-viewed area [18]. Therefore, the discrete
summation Equations (3) and (4) can be derived from the integral Equations (1) and (2).
Based on the CERES'’s satellite data product sets, the individual contribution of the discrete
grid on Earth’s TOA to EPI can be derived from the TOA radiative flux and the ERBE angu-
lar distribution models ADMs [18,33,34]. For the convenience of calculation, the discrete
grid resolution is set to be equal to that of the CERES synthetic datasets and the spatial
resolution of Earth’s TOA is 1° latitude x 1° longitude. As the upwelling radiance cannot
instantaneously measure from any direction, the accurate irradiance in Equations (1)—(4)
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cannot be derived. Since the angular distribution of outgoing LW and SW radiation can
vary with the scene in the MERO instrument-viewed regions, such as land and ocean, the
conversion of the directional radiance to the integrated quantity of irradiance is non-trivial.
Therefore, a model for this conversion is needed, and such models are referred to as the
angular distribution model (ADM) which provides the anisotropic factors [18]. In essence,
the ADMs are a set of anisotropic factors in discretized form of the anisotropic function
Riw and Rgy, as shown in Equations (3) and (4). In the following content, the ADMs and
anisotropic factors (Ry and Rgw) represent the same meaning. Each ADMs are sorted into
discrete angular bins and parameters from large radiance measurements for defining an
ADM scene type [35,36].

o5 = [ / Lsw (60,8, $)dAdQ (1)
A Q
Suy = [ [ Luw(,6,)3Ad0 @
A Q
dgy = Z sw (6o, gg;Pz)M(GO)dAi cos 0; cos B 3)
N ;i
Dy = Z Riw (i, Gig;)M(% H dA; cos 0; cos B; 4)
N Tt

where Lgw and Ly are the short-wave and long-wave radiances. 0y, 6, and ¢ are the solar
zenith angle, viewing zenith angle, and relative azimuth angle (see Figure 2). vy and t are the
colatitude and the time. D; is the distance between the lunar site of the MERO instrument
and the discrete grid node i at the Earth’s TOA. B; is the viewing zenith angle responding
to the instrument’s entrance pupil plane as shown in Figure 2. N is the number of discrete
grid nodes. M(6y) and M(v, t) are the SW and LW equivalent Lambertian flux.
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Figure 2. The sketch illustrates the calculation of irradiance and the angular coordinate system for
angular distribution models of ERBE. The (a,b) are the angular coordinate system for the ERBE
ADMs, respectively.
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Usually, the ADMs are used to achieve the conversion of the radiance to the radiative
flux, or irradiance [18,32,33]; such usage is inverse to the utilization in our work. In this
work, the target is to investigate the uncertainty of the simulated irradiance, so the ERBE
TOA ADMs are utilized to simplify the complexity of the calculation, the more detailed
information sees Refs. [18,21]. To solve Equations (1)—(4), the Earth’s TOA flux data M at
node i is the required parameter and it is acquired from the CERES SYN1deg products.
The CERES SYN1deg-1Hour Ed4A products, including the TOA radiative fluxes and
cloud properties, are the highest temporal resolution for the TOA flux dataset currently
available by incorporating hourly GEO imager data (https://asdc.larc.nasa.gov/data/
CERES/ (accessed on 6 September 2021)) [37,38]. The data have now been widely used
to help us better understand ERB [13] and Hourly all-sky TOA flux data are used in this
work. In addition, the simulated EPIs time series are used as the substitute reference value
of the truth in the following analysis [18]. Unless otherwise specified, irradiance in this
work refers to the MERO instrument’s EPL

2.3. The Analysis of Uncertainty

Based on the Equations (1)—(4) and the theory of errors [39], the partial derivative of
the discrete equations concerning the TOA flux, the ADMs, and the Earth-Moon distance
is expressed as the following Equations (5)-(7):

BQDSW/LW M Mi COs 91‘
= AAparin = ¥ L A
8R5W/LW J:[A D2 Earth ; 7TD1‘2 ! (5)
IDsw /1w R Rsw/Lw,i
aMSW/LW J:[A D2 Earth ; 7TD1‘2 i (6)
8<I>5W/LW —2MR —ZMiRi Ccos 01'
SWIW 2R g A = Y 2T g A, 7
aDSW/LW JIA D3 Earth ; 7TDZ-3 i @)

The uncertainty of simulated irradiance was determined using the theory of errors.
Based on the theory of errors, the combined uncertainty (10) of EPI, ®gyyryy, for the MERO
instrument is given by the following Equation (8):

2 2 2
Uswe /i (®) = \/ (22 ) (AM)* + (22 (AR? + (52 (AD)? ®

The goal of this work is to evaluate the uncertainty of the instrument’s EPI caused
by the ADMs, the TOA Flux, and the Earth—-Moon distance. Therefore, the key part is to
obtain the original simulated irradiance and the partial derivative of irradiance for each
factor, which requires two main steps: (1) the calculation of the MERO instrument-viewed
SW/LW region, step one in Figure 3, and (2) the uncertainty analysis of the simulated
irradiance, step two in Figure 3. Step one is to obtain the observation geometry and
angle parameters according to the options of the time range, time step, and lunar surface
position (0°E0°N) by building a unified coordinate system referring to the Planetary and
Lunar Ephemerides DE430 [18,40,41]. The more detailed coordinate transformation can
be found in Refs. [20-22]. Step two is to solve the radiation transfer function to obtain the
instrument’s EPI. In addition, finally, evaluating the uncertainty and potential applications
of irradiance based on the theory of errors was conducted.
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Figure 3. Flowchart for the calculation of irradiance and the uncertainty analysis.

3. Results
3.1. The Origin Simulated EPI Time Series

To analyse the uncertainty of the simulated Entrance Pupil Irradiance (EPI) for the
Moon-based Earth radiation observation (MERO) instrument, it is necessary to reveal the
variation of the irradiance time series from a holistic perspective. Figure 4 presents the
simulated instrument’s shortwave (SW) EPI, obtained from the Earth’s Outgoing Short-
wave Radiation (OSR), and Long-Wave (LW) EPI, acquired from the Earth’s Outgoing
Long-wave Radiation (OLR) time series for the year 2017. The results indicate SW EPI
ranges from 0.00 to 94.55 mW-m~2 with a clear cyclical pattern, while for the LW EPI,
the value ranges from 58.05 to 86.92 mW-m~2. The irradiance time series in Figure 4
serves to demonstrate very well how the EPI varies on hourly, daily, and monthly time
scales. In addition, the change of time scales also reveals that the instrument’s EPI times
series is mainly controlled by the ADMs, TOA flux, and the Earth-Moon distance. In
more detail, the lowest OSR generally coincides with the Sun being over the Pacific Ocean,
and the maximum OSR will arrive when a large land area comes into view. The LW and
SW EPI have similar changes for longer periods, such as 5 years, 10 years, and 20 years.
The alternating presence of ocean and land in the MERO instrument-viewed area will
directly cause the variation of ADMs and TOA Flux, which will change the instrument’s
EPI. The hourly change of the distance between the Moon and the Earth also will affect
the time characteristics of irradiance, which is one of the sources of uncertainty. Figure 4
also indicates that the same periodical variation of OLR and OSR will appear over the next
18.6-year lunar standstill cycle.

— OSR

I—(I)LR\

Figure 4. The simulated instrument’s EPI times series in 2017.



Remote Sens. 2023, 15, 4132

7 of 24

3.2. The Effects of ADMs

The ADMs reveal the angle characteristic of Earth’s TOA radiance. Due to the angular
distribution of the radiance being scene-type dependent, analyzing the effects of ADMs on
the EPL is of great importance for understanding the essential influence of ADMs. Figure 5
shows the simulated irradiance hourly time series of OLR and OSR on October 18 in 2017
under two conditions (anisotropy and isotropy). The results indicate that the ADMs have
a stronger influence on the irradiance of OSR than the OLR, and the influence exists as
an obvious time characteristic for OSR. For the OLR in an Earth’s rotation period, it is
apparent that the trend of the anisotropic and isotropic irradiance is similar and the two
have an approximately proportional relationship. For the OSR, the anisotropic and isotropic
irradiance have poor synchronization and a greater range of variation.

—&— OSR—anisotropy —e— OLR—anisotropy

~1
=)
T

745 -

03:00 09:00 15:00 21:00
Time (Hour)

Figure 5. The simulated hourly EPI time series on 18 October in 2017 under two conditions (anisotropy

58

and isotropy). (a—d) are four moments used in the following part.

To further clarify the effect of ADMs on the EPI, Figure 6 presents the deviation
of hourly irradiance time series under two conditions (anisotropy and isotropy). The
deviation is gained by subtracting the irradiance of disregarding ADMs from the time
series of considering ADMs. The results show that, for OSR, the deviation of SW EPI in
2017 ranges from —7.29 to 19.13 mW-m 2, while for the OLR, the maximum and minimum
values are around 0.39 mW-m~2 and —0.12 mW-m~?, respectively. It is worth noting that
considering ADMs only affects the amplitude of irradiance and has a slight effect on its
period and phase (Figures 4 and 6). In addition, there is generally an increase in OSR with
a peak at around the summer of the Northern Hemisphere, as shown by the orange dashed
line in Figure 6. This is likely because the Northern Hemisphere has a larger land fraction
than the Southern Hemisphere in the field of view in summer.
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Figure 6. The hourly irradiance deviation time series in 2017 under two conditions of anisotropy
and isotropy.

Quantitative analysis of the influence of ADMs on irradiance requires information on
the distribution of anisotropic factors. Table 1 shows the statistical results for the ERBE’s
SW and LW anisotropic factors. The results show that the range of LW anisotropic factor is
0.83~1.07 and 88.56% of the values are in the range of 0.90 to 1.05. The changes in the scene
type and clouds in the field of view did not cause a significant change in OLR anisotropic
factors. For the OSR, the variation range of the anisotropic factor is 0.41~12.74, and 86.88%
of the values are in the range of 0.50 to 1.50. Due to the SW anisotropic factor being closely
dependent on the positional relationship of the Sun—-Earth-Moon system, it changes more
dramatically than LW anisotropic factors.

Table 1. The statistical results of ERBE’s anisotropic factors. The Min, Max, and N represent the
minimum, maximum, and number of samples of anisotropic factor.

Band Range Ratio (%) Min Max N

0~0.5 1.69
0.5~1.0 54.35

SW (0.2-5 pm) 1.0~1.5 32.53 860.88 0.41 12.74 6720
1.5~2.0 6.34
>2.0 5.09
0.85~0.90 777
0.90~0.95 16.47

LW (5-200 pm) 0.95~1.00 18.55 88.56% 0.83 1.07 9072
1.00~1.05 53.54

1.05~1.10 3.6

Figure 7 shows the ratio of irradiance under two conditions (anisotropy and isotropy)
and the ratio can be defined as the hemispherical anisotropic factor which represents the
sum of the regional anisotropic factor weighted by a geometric factor at various time
points [18]. Taking the whole Earth as a one-pixel radiative source, the ADM is still
applicable, and the change of regional anisotropic factor will reflect by hemispherical
anisotropic factor. Therefore, here, the ratio represents the average impact of ADMs on
irradiance, and this way has been widely used [12,18]. The results show that the ratios
of LW and SW are 0.998~1.005 and 0.815~6.260, respectively. The average values of the
ratios are 1.002 (LW) and 1.23 (SW), respectively. The magnitudes of the LW anisotropic



Remote Sens. 2023, 15, 4132

9 of 24

factor are in the order of about 0.001, while for the SW, the order of about 0.01. It is worth
noting that the time of the peak value of the SW ratio in Figure 7b corresponds to the
time (see Figure 4) that the OSR is less than 1 mW-m~2 and that the sunlit portion in the
MERO instrument-viewed area is smaller compared with other time. For most time ranges
(OSR > 1 mW-m~2), the SW anisotropic factor ranges from 0.82 to 2. In the following
expressions, the change of the hemispherical anisotropic factor is recorded as AR, as AR
represents the total change in the SW and LW ADMs.

1006 T T T T T T T T T T T T T T T T T T T T T T
1.005 [ (a)
1.004
1.003
1.002
1.001 |
1.000 |
0.999 |
o 0.998 |
g 0997 T T T T T T T T T T T T T T T T T T T T T T
M7000 [ L | L | L | L | L | L | L | L | L | L | L |

6.000 K1) — SW ]
5.000 |- ]
4.000 [ ]

3.000 - ]
2.000 ... iw-“ N _m ................. ]
1.000 bt 4 -

" |
b= |m~l-mnww wmwwww’w L .

0 X 0 00 L 1 L L 1 L 1 L ]
N ’ﬁz ”‘) b< "3 b Q °o 9 S \ %

N N N
Date (yy mm)

Figure 7. The radio of irradiance for the anisotropic and isotropic factors in the year 2017. (a): The
ratio of LW; (b): the ratio of SW.

Equation (5) presents the partial derivative expression of the function @ = f(R) and it
can be used to analyze the effect of ADMs on the irradiance. Figure 8 shows the changes
in the LW/SW simulated hourly irradiance with the variation of anisotropic factors, AR,
in September and October 2017. The results reveal that the variation in the anisotropic
factor will not change the attribute of EPI varying on hourly, daily, and monthly time scales.
For the OLR, when the longwave hemispherical anisotropic factor (AR-LW) changes from
0.001 to 0.01, the variation of LW EPI is less than 1 mW-m~2, but if the AR-LW is up to 0.05,
the variation will have a larger change of more than 3 mW-m~2. Compared to the OLR,
the OSR has a larger and more dramatic variation. When the shortwave hemispherical
anisotropic factor (AR-SW) changes from 0.05 to 0.2, the variation of SW irradiance will
exceed 10 mW-m~2, but if the AR-SW is less than 0.05, the variation will be less than
3.4 mW-m~2 and the average is 1.28 mW-m~2. Existing research shows that the radiation
resolution of the Moon-based radiometer should be better than 1 mW-m~2 in the future
actual design [17]. Therefore, investigating the uncertainty of the irradiance caused by
the ADMs is very important for interpreting Moon-based data, building data processing
models, and designing the accuracy of the instrument. In summary, to clarify the influence
of other factors on irradiance, we set the AR-LW and AR-SW at 0.005 and 0.05 for the
computing of combined uncertainty in Section 3.5.
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Figure 8. Changes in the LW /SW simulated hourly irradiance with the variation of anisotropic factors,
AR, in September and October 2017. The (a,b) are the change of LW and SW irradiance, respectively.

3.3. The Effects of TOA Flux

In this work, the CERES Synoptic (SYN) 1-degree (SYN1deg) products were used
to provide the hourly TOA radiative fluxes. Figure 9 shows the distribution of outgoing
shortwave ((a) 03:00 in Figure 5) and longwave ((b) 09:00 in Figure 5) radiation on October
18 in 2017. Due to the SW radiative flux in the MERO instrument-viewed area being
dependent on the geometric relationship, the variation range is greater than the OLR.
The daily peak of irradiance of OSR occurs at around 2:00 to 3:00 and the highest values
generally coincide with the MERO and the sun being over the large land and ocean masses
of Asia. For the OLR, the peak of irradiance of OLR occurs at around 9:00 to 12:00 and the
highest values generally coincide with the MERO being over the large land masses of Asia.
The EPI can continuously record the change of the Earth’s OLR and OSR, and the variation
of the instrument’s EPI is sensitive to the Earth’s TOA flux change. Understanding the
uncertainty of irradiance caused by the TOA flux variation would facilitate designing the
MERO instrument and determining the ERB. The simulated EPI is obtained by using the
CERES data sets, so the uncertainties of SYN1deg Ed4A TOA observed flux will be passed
to the instrument’s EPL. The combined daily regional all-sky CERES SW and LW diurnal
uncertainty is 8 W-m~2 and 2.81 W-m~2, respectively (instrument calibration: 1 (SW) and
1.81 (LW)W-m~2 (10), conversion error: 1 (SW) and 0.75 (LW)W-m~2 (10), and diurnal
correction uncertainty: 3.5 (SW) and 0.6 (LW) W-m~2) [42,43]. Further uncertainty details
in CERES data are outlined in their data product manuscripts [42,43]. Therefore, in the
following analysis, the upper limit of variation of SW and LW TOA observed flux is set to 8
and 3W-m~2.

To analyse the uncertainty of irradiance caused by the Earth’s TOA flux, Figure 10
shows the changes in the LW /SW simulated hourly irradiance with the variation of the
TOA flux in October 2017. ASW and ALW represent the change of the TOA observed flux
in Equation (6) under considering the uncertainties of CERES data. The results reveal
that the TOA flux change, ASW, will keep the irradiance attribute varying on hourly time
scales, but the ALW will lose its hourly-scale variability. When the ASW change from
1 W-m~2 to 8 W-m~2, the variation peak of SW irradiance will range from 0.33 mW-m~2 to
2.70 mW-m~2. For the change of LW TOA flux, the variation peak of LW EPI will range
from 0.32 mW-m~2 to 0.94 mW-m~2 when ALW changes from 1 W-m~2 to 3 W-m 2. If the
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SW and LW TOA flux both change for 1 W-m~2, the variation of irradiance will be less
than 0.33 mW-m~2.

86 137 189 239 290 340

Figure 9. The distribution of outgoing shortwave and longwave radiation. ((a) SW: 03:00 on October
18 in 2017; (b) LW: 09:00 on October 18 in 2017).
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Figure 10. Changes in the LW /SW simulated hourly irradiance with the variation of TOA flux in
October 2017.

3.4. The Effect of the Earth-Moon Distance

Being different from satellite platforms, such as LEO or GEO, the MERO instrument
can gain the measurements of OLR and OSR from an extremely long observation distance.
The elliptical Moon’s orbit (eccentricity ~ 0.0549) leads to changes in the Earth—-Moon
distance. The perigee and apogee of this orbit are about 362,600 and 405,400 km, and the
maximum distance difference is around 42,800 km, which is approximately six times the
radius of the Earth. The effects from the distance result in a significant difference in the
size of the Earth in MERO instruments viewed at different orbital positions (the change
of viewing area can reach 10%). To reveal the temporal characteristic of the distance, the
statistical histogram for hourly changes in the Earth-Moon distance (AL-h) from 2000 to
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2020 was obtained, as shown in Figure 11. The results show that the AL-h have symmetrical
distribution, and the variation range is 0~270 km. In addition, the MERO instrument’s
EPI is inversely proportional to the square of the distance, so the change in distance
will have a non-negligible effect on the irradiance. To confirm the uncertainty caused
by the distance, the maximum hourly changes of the distance (AL-h = 270 km) are used
in the subsequent analysis. To characterize the uncertainty in the MERO instrument’s
EPI resulting from the shift of the Earth-Moon orbit, Figure 12 presents the LW /SW
simulated hourly irradiance variation in 2017 (AL-h = 270 km). Since the change in distance
is calculated in the hourly time scales, the whole trend of irradiance is consistent with
the results in Figure 4. However, compared to the Earth-Moon distance, the AL-h is a
relatively small value, so the variation of simulated irradiance caused by the distance does
not exceed 0.13 mW-m~2. In addition, the variation ranges for the SW and LW EPI are
0.078~0.125 mW-m~2 and 0.000~0.126 mW-m~?2, respectively.

N SN ]
8.0kl 1

10.0k{

= 6.0k
E 6.0k}
=]
© 4.0kl
2.0kl
0.0L_L1 N

-300-250-200-150-100 -50 0 50 100 150 200 250 300
Distance (km)

Figure 11. The statistical histogram for hourly changes of the distance (AL-h) between the moon and
Earth from March 2000 to December 2020.
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Figure 12. Changes in the LW /SW simulated hourly irradiance with the variation of the Moon-Earth
distance in 2017 (AL = 270 km represents the maximum hourly change of Moon-Earth distance).

3.5. The Combined Uncertainty

In Sections 3.2-3.4, the individual influence caused by the ADMs, TOA flux, and Moon—
Earth distance is analyzed, respectively. Because the simulated original irradiance includes
the influence of the above three factors at the same time, the combined uncertainty (U) of
irradiance needs to be further studied. To evaluate the maximum combined uncertainty, AR-
LW, AR-SW, ASW, ALW, and AL-h were set to 0.005, 0.05, 8 W-m~2, 3 W-m 2, and 270 km.
Based on the theory of errors, the combined uncertainty of EPI, ®gyy11y, can be computed
by Equation (8). Figure 13 shows the SW maximum combined uncertainty Ugyy varies more
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dramatically than Uy and the trend is consistent with the original simulated irradiance in
Figure 4, which means the combined uncertainty will not change the periodic characteristics
of irradiance. The SW maximum combined uncertainty Usy ranges from 0 to 4.84 mW-m 2
(10), while for the LW Ujp, the maximum value was about 1.08 mW-m~2 and the minimum
value was about 0.82 mW-m~2 (1o). From the perspective of the maximum value, the
peak value of OSR can reach more than four times that of OLR. From the perspective of
the minimum value, the OLR has a relatively stable uncertainty compared to the OSR, for
which the minimum is zero.
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Figure 13. The LW and SW maximum combined uncertainty (1o) in the simulated hourly irra-
diance with the variation of the anisotropic factors, TOA flux, and the Moon-Earth distance in
2017 (AL-h = 270 km represents the maximum hourly Moon-Earth distance; AR-LW = 0.005 and
AR-LW = 0.05 are the changes of anisotropic factors).

As a combined uncertainty, the amount and proportion of each component is also an
important part of analysing the individual contribution (Equation (8)). Figure 14 presents
the magnitude and ratio of each component in the combined uncertainty for the LW /SW-
simulated hourly irradiance in October 2017. The A/A’, B/B’, C/C’, D/D’, E/E’, and
F/F’ in Figure 14 are the value of each quantity, respectively, at 0:00 on October 16. The
results show that, for the SW, the change of global TOA fluxes, ASW, and anisotropic factor,
AR-SW, have a similar response trend (see Figure 14a), but a poor synchronization exists.
The ratio of the two components shows an inversely correlated variation (Figure 14c) and
the sum of the two factors is approximately equal to one (0.640(A) + 0.358(B) = 0.998),
which also indicates that the effect of the hourly change of Earth-Moon distance (F:0.002)
on combined uncertainty is negligible compared other two factors. However, different to
SW, the contribution of the change of ALW (3 W-m™2) to the Uy can reach more than two
times that of the improvement in AR-LW (0.005) and 8.9 times that of the change of AL-h
(270 km) (Figure 14b,d). Similar to the SW, the influence of the Earth-Moon distance on the
LW combined uncertainty, Uryy, is less than 1%. For longer periods, such as 20 years, the
SW and LW combined uncertainty have similar trends.

Since an 18.6-year lunar standstill cycle for the angle between Earth—-Moon orbital
plane exists, it is necessary to analyze the various characteristics of SW/LW combined
uncertainty on this scale. Table 2 shows the statistical results of the combined uncertainty
of the simulated LW /SW hourly irradiance, Ugw 1w, from 2000 to 2020, and the calculated
condition is the same as Figures 13 and 14. Results reveal that the Ugy ranges from 0.00
to 5.18 mW-m~2, while for the U}y, the maximum and minimum values are about 1.09
and 0.82 mW-m~2, respectively. In addition, the maximum ratio ranges for the SW and
LW uncertainty are 0.0~1.0 (40.35%) and 0.8~0.9 (42.48%) in an equally spaced division.
The relative uncertainty can be computed by dividing the original simulated irradiance by
combined uncertainty. The relative uncertainty range for LW is 1.24~1.43%. However, for
SW, it is mainly 1.87~20% and the large relative uncertainty range is caused by the large
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range of variation for the SW irradiance (See Figure 4), and in certain periods, the small
value is used as the denominator.
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Figure 14. The magnitude and ratio of each component for the uncertainty in the LW /SW-simulated
hourly irradiance in October 2017 ((a,b) the magnitude of each component; (c¢,d) the ratio of each
component in the combined uncertainty).

Table 2. The statistical results of the combined uncertainty (10) in the LW /SW-simulated hourly
irradiance from 2000 to 2020.

Band Range (mW-m~2) Ratio (%)

0.0~1.0 40.35

1.0~2.0 20.19

SW (0.2-5 um) 2.0~3.0 17.22
3.0~4.0 17.66

4.0~5.2 4.58

0.80~0.90 42.48

LW (5-100 pm) 0.90~1.00 33.52
1.00~1.10 24.00

The above content presents the maximum combined uncertainty that appears in the
MERO instrument’s EPI time series. Since the increase in uncertainty will reduce the
accuracy and reliability of the irradiance, decreasing the uncertainty of the Moon-based
data is the key to improving the quality of the data. The statistical histogram for the
combined uncertainty, Usw,rw, in the simulated LW /SW hourly irradiance from 2000 to
2020 is shown in Figure 15. Results show that when the AR-LW, AR-SW, ALW, ASW, and
AL-h drop from 0.005, 0.05, 3 W-m~2, 8 W-m~2, and 270 km to 0.001, 0.01, 1 W-m~2,
1 W-m~2, and 130 km, the combined uncertainty have significant decline compared to
Figures 13 and 14 and Table 2. The variation ranges of SW and LW combined uncertainties
are 0~0.91 mW-m~2 (10) and 0.26~0.35 mW-m~2 (10), respectively. In addition, the change
of ratio and magnitude for each component in the SW/LW combined uncertainty have
similar characteristics to Figure 14.
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Figure 15. The statistical histogram for the combined uncertainty in the LW /SW simulated hourly
irradiance from March 2000 to December 2020 when the AR-LW, AR-SW, ALW, ASW, and AL-h are
0.001,0.01, 1 W-m~2,1 W-m~2, and 130 km.

4. Discussion
4.1. The Uncertainty Analysis

The Moon-based Earth Radiation Observation (MERO) instrument’s entrance pupil
irradiance (EPI) is the radiation that finally arrives at the inner surface of the radiometer,
in other words, the received irradiance for the detection element will be derived from the
EPI, as shown in Section 4.3. The uncertainty analysis of the EPI will help with the design
of a MERO instrument with the highest signal-to-noise ratio, and it will also facilitate
interpreting Moon-based data and building a data processing algorithm for the Moon-
based observation data. By analyzing the effect of the ADMs, the TOA flux, and the
Moon-Earth distance on the irradiance, the uncertainty with the help of the theory of errors
is finally studied. As shown in Figure 4, the variation of the instrument’s EPI times series
is controlled by the ADMs, TOA flux, and the Earth-Moon distance. The ADMs have a
stronger influence on the irradiance of OSR than the OLR, and it only affects the amplitude
of irradiance and does not change period and phase. For the OLR, when the AR-LW
changes from 0.001 to 0.01, the variation of LW irradiance is less than 1 mW-m~2, but if the
AR-LW is more than 0.05, the variation will be more than 3 mW-m 2. When the AR-SW
ranges from 0.05 to 0.20, the variation of SW irradiance will exceed 10 mW-m~2, but if the
AR-LW is 0.05, the variation will be less than 3.4 mW-m~2 and the average is 1.28 mW-m 2.
Due to the irradiance acquired from the CERES data sets, the all-sky CERES SW and
LW flux uncertainty will have an important effect on irradiance. Therefore, the Earth’s
top-of-atmosphere (TOA) flux is a key part of analysing the uncertainty of the simulated
irradiance. The results reveal that the change of ASW could keep the irradiance attribute
varying on hourly time scales, but it will lose its hourly-scale variability for the variation
of ALW. When the change of ASW is 8 W-m~2, the maximum variation of SW irradiance
will be 2.70 mW-m~2. For LW TOA flux, the maximum variation of LW irradiance will be
0.94 mW-m~2 when the change of ALW is 3 W-m~2. Selecting the maximum hourly change
of the Moon-Earth distance, AL-h = 270 km as the change step, the variation of EPI caused
by the distance will not exceed 0.13 mW-m~2. In addition, the variation ranges for the OSR
and OLR are 0.078~0.125 mW-m~2 and 0.000~0.126 mW-m~2, respectively. Because the EPI
includes the influence of the above three factors at the same time, combined uncertainty
(1o) needs to be further studied. To evaluate the maximum hourly combined uncertainty,
AR-LW, AR-SW, ASW, ALW, and AL-h were set to 0.005, 0.05, 8 W-m~2, 3 W-m 2, and
270 km, respectively. The results show that the influence of OSR on EPI is more dramatic
than OLR, and the changing trend is consistent with the original simulated irradiance,
which means the uncertainty does not change the periodic characteristics of irradiance. The
SW maximum combined uncertainty, Usy, and LW maximum combined uncertainty, Uy,
are about 5.18 and 1.08 mW-m~? (10), respectively, from March 2000 to December 2020. In
addition, the effect of the hourly Earth-Moon distance (<270 km) change on combined
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uncertainty is negligible compared other two factors. When the AR-LW, AR-SW, ALW, ASW,
and AL-h drop from 0.005, 0.05, 3 W-m~2, 8 W-m~2, and 270 km to 0.001,0.01, 1 W-m 2,
1 W-m~2, and 130 km, respectively, the maximum combined uncertainty had significant
decline and the values of Ugy and Ujy are 0.91 and 0.35 mW-m~2 (10), respectively.

4.2. The Potential Applications of Moon-Based Data

The Earth’s radiation budget at the height of the Earth’s TOA represents the most
fundamental metric defining the status of global climate change. The negative and positive
budget balances have been considered the most essential of all climate variables [44]. The
MERO instrument can provide long-term data for ERB observations. However, the existing
research does not provide direct evidence for the advantage of MERO. Figure 16 shows the
schematic of the global monthly Earth TOA flux and extracted linear trend for the OSR and
OLR data derived from the CERES EBAF dataset from 2000 to 2020. Results show that over
the past 20 years, both the SW and LW fluxes were periodic oscillations, and the ranges
are 236.12~244.82 W-m~2 (LW) and 91.20~109.07 W-m~2 (SW), respectively. Time series
analysis reveals that both of them do not oscillate with a constant value but change around
a linear trend, as shown by the orange line in Figure 16. For the LW flux, the OLR shows
a linear increase, and the fitted equation is approximately y = 239.95 + 0.0024x, where y
is OLR and x is the number of months since March 2000. For the OSR, there is a linear
decrease, and the fitted equation is approximately y = 99.59 — 0.0049x. In addition, for
a period of 20 years, the OLR and OSR have a variation of 0.61 W-m~2 and 1.23 W-m~2,
respectively, and the difference is 0.62 W-m~2. The satellite observations (2001-2020) have
revealed a significant positive globally-averaged OSR and OLR of 0.38 + 0.24 W-m~?2
decade™!, and the difference of 0.62 W-m™2 in this work is consistent with the scope [6].
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Figure 16. Schematic of the extracted linear trend and the global monthly Earth TOA flux for
the OSR/OLR data from the set of the Clouds and the Earth’s Radiant Energy System (CERES)
Energy Balanced and Filled (EBAF) top-of-atmosphere (TOA), Edition 4.0 (Ed4.0), from 2000 to 2020,
https:/ /asdc.larc.nasa.gov/data/CERES/ (accessed on 6 September 2021).

Although the Moon'’s orbit is different from the satellite-based platform, the periodic
oscillations characteristics of Earth TOA flux can still be obtained from the instrument’s EPI
measurements on the Moon-based platform. Figure 17 shows the schematic of the extracted
linear trend under two conditions (the original irradiance without considering uncertainty
and the irradiance including the uncertainty) for the Moon-based OLR/OSR simulated
hourly EPI time series from 2000 to 2020. Firstly, the results show, similar to the global
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mean Earth TOA flux in Figure 16, the Moon-based irradiance data can still effectively
extract the overall linear trend of the Earth’s OLR and OSR, and the fitted equations are
approximately y = 69.669 + 0.00185x (OLR) and y = 24.971 — 0.000127x (OSR), respectively.
In addition, the OLR and OSR, without considering the uncertainty, have a variation of
0.461 mW-m~2 and 0.315 mW-m~2 over the past 20 years, respectively. Usually, the exiting
of uncertainty will influence the hourly simulated irradiance, so it may change the overall
trend of irradiance. Results in Figure 17 point out that when the uncertainty is added to
the original simulated irradiance, the fitted equations for OLR and OSR are approximately
y =70.600 + 0.00185x and y = 26.673 — 0.000133x, respectively, and the OLR and OSR have
the variation with 0.23 mW-m~2 and 0.16 mW-m~? per decade, respectively. Comparing
the extracted linear trend under two conditions (the original irradiance and the irradiance
including the uncertainty), the effect of uncertainty on the entrance pupil irradiance only
changes the intercept of fitted curves without changing the slope. In addition, it is worth
noting that the SW EPI is only the energy collected in the direction of the Moon, and it is
not averaged on the entire Earth’s surface.
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Figure 17. Schematic of the extracted linear trend under two conditions for the Moon-based OLR/OSR
simulated hourly EPI time series for the year 2000~2020. The SW-Ori and LW-Ori are the original
irradiances without considering uncertainty. The SW-Ori + UN and LW-Ori + UN are the irradiances,
including the combined uncertainty.

Table 3 presents the correlation of CERES OLR/OSR data and Moon-based OLR/OSR
data. Results illuminate the correlation coefficients are close to one, which reveals a strong
correlation between the CERES OLR/OSR data and Moon-based OLR/OSR data. Although
the irradiance is calculated from the CERES data, the orbital characteristics of the Moon
have a gigantic influence on the EPL Time series analysis reveals that the measurements
of MEOR'’s instrument can effectively obtain the long-term change trend of the Earth’s
outward radiative flux. The influence of uncertainty is not very large for long-term trend
variation, but the increase in uncertainty will make it impossible to accurately acquire the
change of Earth TOA fluxes on small time-spatial scales.
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Table 3. The correlation of CERES OLR/OSR data and Moon-based OLR/OSR data.

CERES OLR CERES OSR

Moon-Based OLR 1 -1
Moon-Based OSR -1 1

4.3. The Dynamic Performance of a Simplified Moon-Based Radiometer

Usually, two types of instruments are used to measure the Earth’s outgoing radiation,
that is, the non-scanning Wide Field-of-View (WFOV) and scanning Narrow Field-of-View
(NWOF) radiometer [4,5,13]. The large Earth-Moon distance makes it impossible to detect
the Earth’s outgoing radiation by the scanning method. Therefore, the dedicated non-
scanning WFOV radiometer, such as the Moon-based Active Cavity Radiometer (MACR),
is suitable for the MERO by considering the Earth as a one-pixel radiative source [18].
Although the MACR can carry out radiation observations on the lunar surface, the incident
radiation signal is weak due to the large distance. The uncertainty of the instrument’s EPI is
an important constraint for the design of radiometer performance and the uncertainty will
reduce as the increase of absolute accuracy of the radiometer. However, until now, there
has been no relevant published report on the design and performance analysis of a MACR.
Therefore, based on the uncertainty analysis of the instrument’s EPI, a simplified dynamic
response model was built to verify the detectability of the Earth’s outgoing radiation by
the MACR. Figure 18 shows the simplified dynamic response model diagram. To detect
the weak Earth’s radiation signal, it is not suitable if the aperture of the optical system is
too small, so the telescope could adopt the Cassegrain system. The R; and the R; are the
primary mirror radius and secondary mirror radius, respectively. The D is the diameter of
the precision aperture, and the value is set as 5 mm. Referring to [45,46], the obstruction
ratio of the Cassegrain system is set as 0.5 and the cavity part adopts a spherical shape with
a 25 mm radius [45]. The angle v is 120 degrees and the variation in the R1 will change
the irradiance arrived on the inner surface of the cavity. Because the MACR does not have
high requirements for the resolution, the Cassegrain system can satisfy the aggregation and
amplification demands of energy. By comprehensively considering the MERO instrument’s
EPI (Figure 4 and Refs. [18,21]), temporal sampling interval, and the size of the telescope,
the radius of the primary mirror R is selected as 8 cm, as shown in Figure 18.
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Figure 18. The simplified model diagram for the Cassegrain system.

Figure 19a shows the curve of the effective receiving area for Earth’s outing radiation
with the primary mirror radius Ry, and the effective receiving area is 0.0101 m? when the
Ry is equal to 0.08 m (8 cm). Figure 19b presents the SW and LW irradiance received by
the radiometer’s cavity in December 2020. Supposing the sensitivity design goal for the
radiometer is 1 mW-m~?2 in a future actual design, the beam optical power (Pop) equals
0.01 mW arriving at the inner surface of the radiometer’s cavity through the precision
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aperture of 5 mm diameter. The previous uncertainty analysis of the EPI demonstrates that
the sensitivity design goal of 1 mW-m~2 could reduce the uncertainty of OSR very well
but has limited improvement on the uncertainty of OLR. It is apparent that the irradiance
arrived at the cavity is always larger than the sensitivity for the OLR, while for the OSR,
the energy is greater than the sensitivity goal the most of time, as shown in Figure 19b.
Usually, for the MACR, to implement the electrical substitution principle, a dedicated
servo system is designed and equipped with it. In this work, the parameter setting for
the servo system refers to [34]. The servo gain Kp was set as 1000 and the temperature
difference of 1.2 K was set between the housing environment temperature and the set-point
on the radiometer’s cavity. Firstly, the dynamic simulation starts from a closed shutter and
the system reaches a thermal equilibrium after 800 s. Following that, the shutter begins
alternately opening and closing in a 90 s cycle. Corresponding to the sensitivity design goal
1 mW-m~?2, the incident Pop of 0.01 mW was applied. Figure 20 shows the variation curve
of the electric heating power (Pel) of the system with time. Results in Figure 20 reveal that
the radiometer’s cavity approximately reached a thermal equilibrium after the time of 800 s.
The electrical power, Pel, varies correctly between the 0.04000 mW (status: closed) and the
0.03999 mW (status: open). For the total heating power, optical power plus electrical power,
it is stable continuously. During the closed shutter phase, which lasts 90 s, the electrical
power is maximum and no optical power enters the MACR. In the next 90 s, an open shutter
period, the decrease of Pel will be compensated by the incident non-zero optical power,
Pop. The dynamic performance of a simplified radiometer, MACR, illuminates that the
Cassegrain optical system and electrical substitution principle can realize the detection of
Earth’s outing radiation with the sensitivity design goal 1 mW-m~2. But it should be noted
that since a cavity radiometer is usually a heat detector, its thermal noise will be a key
influencing factor that cannot be ignored. Fortunately, due to the actual irradiance arriving
at the cavity surface being more than an order of magnitude higher than the radiometric
resolution (Figure 19b), it will help to better overcome thermal noise.
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Figure 19. (a) shows the curve of the area with the radius for a primary mirror; (b) the received OLR
and OSR for the cavity in December 2020 and the position for the irradiance value 0.01 mW.

The simplified dynamic response simulation verifies the detectability of the Earth’s
outgoing radiation by the MACR. Here, we present a simplified verification model so
the radiometer’s design details, such as the structure, material, demodulation algorithms,
etc., which influence the quality of the MACR’s data, will be considered in the following
prototype design. The overcome of thermal noise and the improvement of signal-to-noise
ratio can be achieved by high-precision temperature control and error traceability. At
present, satellite-based technology has verified that mK-level temperature control (0.005)
can be achieved through multi-level temperature control [47].
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Figure 20. The variation curve of the electric heating power (Pel) of the system with time.

Due to the cloud properties, such as the cloud mask, cloud size, and cloud area fraction,
etc., and the aerosol having a strong influence on the outgoing radiation, the Imaging
Spectroradiometer (such as EPIC in DSCOVR [12]) needs to work with the radiometer
simultaneously for providing accurate scene-type, cloud, and aerosol information, which is
a crucial need for choosing ADMs. Since the OSR and OLR are wide-band radiation, thermal
detectors were selected to realize radiation detection, which means that the achievement
and maintenance of SI traceability and accurate radiometric calibration of the equipment is
a vital issue. For a Moon-based Earth radiation observation instrument, the SI traceability
can be achieved by observing the cold and stable deep space background, using a specially
designed stable calibration source (such as a Ga blackbody radiation source [48]) and the
mutual correction method of the established detector network. In addition, many countries
in the world have proposed plans and projects to establish scientific platforms, such as
manned lunar bases or Automated unmanned research stations, on the Moon, such as the
“Chang’E Project” and the Deep Space Gateway [49-53]. Therefore, key technologies related
to the MACR will be verified and implemented in subsequent lunar exploration projects.
Based on the results of this work, we will further carry out the analysis of the key parameters
of the Moon-based non-scanning wide field-of-view radiometer, the construction of the
data processing algorithm, and the reduction scheme of the data uncertainty.

5. Conclusions

Moon-based Earth observation (MERO), one of the scientific goals of the Interna-
tional Lunar Research Station (ILRS) project, can provide longer-term, well-calibrated, and
continuous Earth’s outgoing radiation measurements on a planetary hemispherical scale.
The MERO could be utilized to measure the Outgoing solar reflected Short-Wave (SW)
Radiation (OSR) and Outgoing Long-Wave (LW) Radiation (OLR) from the Earth’s Top
of Atmosphere (TOA) by considering the Earth as a single pixel radiative source. The
MERO instrument’s Entrance Pupil Irradiance (EPI) is the radiation that finally arrives at
the inner surface of the detection element, such as the radiometer’s cavity. In this work,
by analyzing the influence of the Angular Distribution Models (ADMs), TOA flux, and
Moon-Earth distance on the irradiance, the uncertainty of EPI was finally studied with
the help of the theory of errors. In addition, the discussion of potential applications of
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Moon-based data and dynamic performance simulation for a simplified Moon-based cavity
radiometer were presented.

The variation of the instrument’s EPI is mainly controlled by the ADMs, TOA flux, and
the Earth-Moon distance. The ADMs have a stronger influence on the irradiance of OSR
than the OLR. The ADMs strongly affect the amplitude of irradiance and do not change the
period and phase. For the OLR, when the LW hemispherical anisotropic factor (AR-LW)
changes from 0.001 to 0.01, the variation of LW irradiance is less than 1 mW-m~2, but if
the AR-LW is more than 0.05, the variation will be more than 3 mW-m~2. When the SW
hemispherical anisotropic factor (AR-SW) changes from 0.05 to 0.2, the variation of SW
irradiance will exceed 10 mW-m~2, but if the AR-SW is 0.05, the variation will be less than
3.4 mW-m~2 and the average is 1.28 mW-m~—2. For the influence of TOA flux, the results
reveal that the shortwave flux (ASW) change could keep the irradiance attribute varying on
hourly time scales, but it will lose its hourly-scale variability for the variation in longwave
flux (ALW). When the change of ASW is 8 W-m 2, the variation in irradiance will be up to
2.70 mW-m~2. The change of irradiance will be up to 0.94 mW-m~2 when the change of
ALW is 3 W-m~2. Selecting the maximum hourly change of the Moon-Earth distance, AL-h,
270 km, the variation of irradiance caused by the distance does not exceed 0.13 mW-m~2.
In addition, the variation ranges for the OSR and OLR are 0.078~0.125 mW-m 2 and
0.000~0.126 mW-m~2, respectively.

The combined uncertainty (U) (10) reveals the overall response characteristics of irradi-
ance to each influencing factor, so to ascertain the maximum hourly combined uncertainty,
AR-LW, AR-SW, ASW, ALW, and AL-h are set to 0.005, 0.05, 8 W-m 2,3 W-m 2, and 270 km,
respectively. Results show the influence of OSR on EPI is more dramatic than OLR and the
uncertainty does not change the periodic characteristics of irradiance. For the SW combined
uncertainty (Usy) and LW combined uncertainty (Upy), the maximum values are about
5.18 and 1.08 mW-m~2 (10), respectively, from March 2000 to December 2020. The effect
of the hourly Earth-Moon distance (<270 km) change on combined uncertainty is smaller
compared to the other two factors. The variation of simulated irradiance caused by the
distance does not exceed 0.13 mW-m 2. When the AR-LW, AR-SW, ALW, ASW, and AL-h
drop from 0.005, 0.05,3 W-m~2, 8 W-m~2 and 270 km to 0.001, 0.01, 1 W-m~2, 1 W-m~2,
and 130 km, the combined uncertainty have significant decline and the maximum value of
Ugw and Uy are 0.91 and 0.35 mW-m~2 (10), respectively. The uncertainty analysis of the
instrument’s EPI will help with the design of the instrument with the highest signal-to-noise
ratio and the interpretation of the instrument’s data.

The Moon-based data will be a powerful complement for analyzing and predicting
future global climate change. By the extracting linear trend of the Moon-based OLR/OSR
simulated hourly EPI time series, results reveal that the Moon-based observation data can
effectively acquire the overall linear trend of OLR and OSR and have the variation with
0.23 mW-m~2 (LW) and 0.16 mW-m~2 (SW) per decade, respectively, which will be useful
for the determination of the Earth energy imbalance. In addition, the effect of uncertainty on
the EPI only changes the intercept of fitted curves without changing the slope. Based on the
constraint of the uncertainty of the instrument’s EPI, a simplified dynamic response model
was built for the cavity radiometer, a kind of MERO instrument, and the results verify
the detectability of the Earth’s outgoing radiation by the MERO instrument. The dynamic
response also illuminates that the Cassegrain optical system and electrical substitution
principle can realize the detection of Earth’s outing radiation with the sensitivity design
goal 1 mW-m~2.
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MERO Moon-Based Earth Radiation Observation

ERB Earth Radiation Budget

EPI Entrance Pupil Irradiance

ADMs Angular Distribution Models

TOA Top of Earth’s Atmosphere

SW Shortwave

Lw Longwave

OSR Outgoing Shortwave Radiation

OLR Outgoing Longwave Radiation

ERBE Earth Radiation Budget Experiment
CERES Clouds and the Earth’s Radiant Energy System
GERB Geostationary Earth Radiation Budget

WEOV Wide Field-of-View

NFOV Narrow Field-of-View

DSCOVR  Deep Space Climate Observatory

LEO Low-Earth Orbit

GEO Geostationary Earth Orbit

MACR Moon-based Active Cavity Radiometer
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