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Abstract—As a unique natural satellite of the Earth, the
Moon has always attracted much attention, and one subject of
interest is the establishment of an Earth observation platform
on the Moon. Compared with the existing spaceborne and
airborne observation platforms, a Moon-based Earth observa-
tion platform would have the unique advantage of the ability
to obtain global and large-scale observation data. At present,
the study on Moon-based Earth observations is in theory,
so it is necessary to use simulation methods to understand
the observation performance of a Moon-based Earth obser-
vation platform. In this study, a method for Moon-based Earth
observationimaging simulation in the thermal infrared band is
developed to study the Moon-based thermal infrared imaging
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process. The method comprises three parts, including the estimation of Moon-based imaging coverage, the acquisition
of the radiation intensity at the entrance pupil, and the simulated image output from the Moon-based thermal infrared
sensor. Then, the simulated results are validated with the existing spaceborne observation data. Results show that the
absolute error of Moon-based thermal infrared simulations is between 1.3-5.7 K, the RMSE is between 1.38 - 3.12 K, and the
relative error is between 0.44% - 2.12%, indicating that the thermal infrared imaging model can more realistically simulate
the true conditions of ground surface and that a Moon-based Earth observation platform could observe the Earth in the

thermal infrared band.

Index Terms— Moon-based Earth observation, thermal infrared imaging simulation, radiance, land surface temperature,

thermal infrared.

|. INTRODUCTION

EMOTE sensing technology is currently a unique tool

for quickly achieving global or large-scale Earth obser-
vations due to its global, fast, quantitative, and periodic
characteristics, so it has been used in many fields such as
resources, environment, socioeconomics, and national security.
However, spaceborne Earth observation platforms, such as
polar orbit satellites, geostationary satellites, and the Deep
Space Climate Observatory (DSCOVR), have many limitations
regarding acquiring global-scale data. Polar orbit satellites
have high spatial resolution but low temporal resolution due to
their limited orbit height and coverage, so they cannot quickly
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acquire global-scale Earth observation data. The coverage
can be expanded by image mosaicking, but the spatial and
temporal consistency of mosaic result cannot be satisfied due
to various acquisition times. Geostationary satellites have high
temporal resolution but cannot observe polar region, even
if there are multiple geostationary satellites. The DSCOVR
located at the Sun-Earth L1 point has low spatial resolution
and cannot achieve global-scale Earth observations at night.
Moreover, the service lives of polar orbit satellites, geostation-
ary satellites, and DSCOVR are limited by the manufacturing
technology, space environment, and low orbital height, causing
difficulty in achieving long-term and stable observations for
Earth.

The Moon, a natural satellite of the Earth, has gradu-
ally attracted attention owning to its unique orbital features.
Recently, much attention has been paid to the establishment
of a Moon-based Earth observation platform. Palle and Goode
analyzed the lunar-based Earth observation platforms and
artificial satellite platforms from the aspects of the field of
view, spatial resolution, observation angle, revisit period and
service life. They found that Moon-based Earth observations
had obvious superiorities in monitoring climate change, such
as the ability to make global observations, various observation
angles, and long operating life [1]. Ding et al. analyzed
in detail the coverage and spatial resolution of Moon-based
imaging radar through a simplified observation model and

For more information, see https://creativecommons.org/licenses/by/4.0/
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simulated the Moon-based radar detection range of the Ama-
zon Plain as well as the Qinghai-Tibet Plateau. Results showed
that a Moon-based imaging radar system could completely
cover the Qinghai-Tibet Plateau most of the time, and the time
coverage of the Amazon Plain was 40% -70%, indicating good
coverage performance [2]. Zhang established a Sun-Earth-
Moon simulation system and found that a Moon-based Earth
observation platform could monitor real-time global changes
by acquiring global observation data in a short time [3].
Ding et al. simulated and analyzed differences in speed, space
coverage, viewable range and time coverage from different
remote sensing platforms, such as solar synchronous orbit,
tilted geosynchronous orbit, and lunar orbit, based on similar
satellite orbit simulation methods. The results showed that
Moon-based Earth observation platforms had good space-
time coverage characteristics and observation angles in the
middle and low latitudes [4]. Using the Jet Propulsion Lab-
oratory (JPL) high-precision ephemeris DE405 and a spatial
coordinate transformation, they developed a Doppler parame-
ter estimation method for the Moon-based Synthetic Aperture
Radar (SAR) system. The results showed that the beam angle
needed continuous adjustment along the orbit to point to the
Earth disk in the Moon-borne SAR case, and the antenna posi-
tion displacement leaded to a significant shift in the Doppler
parameters [5]. Ye et al. [6] analyzed the coverage of the
Moon-based Earth observations using the JPL ephemeris data.
The results showed that Moon-based Earth observation had
large effective coverage, wide swath, and continuous observa-
tion ability which can conduce to global change monitoring.
Ren er al. [7] presented the reference system transformation
and a simulation system of Moon-based Earth observations
based on the Jet Propulsion Laboratory ephemerides. Through
numerous experiments and a series of simulation images,
it was proved that the lunar observatory had continuous
observation characteristics and wide swath. Guo et al. [8]
presented a geometric image model and evaluated the influ-
ence of the exterior orientation elements on the geolocation
errors of an optical sensor. Yuan and Liao [9] analyzed in
detail four influence factors on Moon-based microwave radi-
ation imaging, including the time zone correction, relative
movement of the Earth-Moon, atmospheric radiative transfer
effect, and ionosphere effect. Then they simulated Moon-based
microwave brightness temperature images and evaluated the
results using the multichannel Advanced Microwave Scan-
ning Radiometer (AMSR-E) data. Li et al. [10] proposed two
processing methods of optical sensors imaging from the Moon-
based Earth observation platform for global change based
on the optical sensors’ capability and Moon-based orbital
characteristics. To conduct the geometric correction of images
from Moon-based platform, Zhang et al. developed a polar
coordinate system on a Moon-based nadir, and solved the
geometric distortion problems from the Earth’s curvature,
nadir changes, and the wavy terrain [11]. Overall, the Moon-
based Earth observation platform has unique superiority in
obtaining global and large-scale surface parameters, including
various solar zenith angles, azimuth angles, as well as sensor
viewing angles, and the Moon-based platform can instanta-
neously observe about half of the Earth’s surface. In addition,

Moon-based Earth observation platforms have high temporal
resolution and long service lives, indicating that a Moon-
based platform is suitable for observation of macro-scientific
phenomena, including land surface temperature, solid Earth
tides [12], and Earth’s radiation balance [13]. Theoretically,
a complete observation of the Earth can be carried out in short
time along with the Earth-Moon relative movement. Therefore,
the new Earth observation method can effectively compensate
for the shortcomings in acquiring Earth observation data by
existing satellites.

At present, the theoretical research on Moon-based Earth
observations is just at the beginning stage without actual obser-
vation data, and the study on Moon-based Earth observations
of the thermal infrared band has not yet been carried out.
To understand the thermal infrared observation capability of
a Moon-based Earth observation platform, the entire imaging
process needs to be studied by a simulation method. In previ-
ous studies, many simulation methods have been developed for
remote sensing imaging, and the existing methods are mainly
applicable to polar orbit satellites. Schott ef al. proposed a
digital imaging and remote sensing image generation model
(DIRSIG), and simulated visible or thermal infrared multi-
spectral and hyperspectral images by image synthesis technol-
ogy [14]. Using the Multispectral Infrared and Visible Imaging
Spectrometer (MIVIS) data, Ye ef al. simulated the images
from SPOT-HRYV, XS1, XS2, and XS3 through spectral sim-
ulation and atmospheric correction, then evaluated them with
the true measurements. Results showed that the SPOT-HRV
simulations had a higher accuracy than other bands. To analyze
the spectral sensitivity and atmospheric effects on various
sensors, he also simulated the apparent reflectance images
and ground-reflectance images at corresponding bands of three
sensors, e.g., SPOT-HRV, CBERS-CCD, NOAA14-AVHRR,
and Landsat-TM [15], [16]. Borner et al. developed a Soft-
ware Environment for the Simulation of Optical Remote
sensing systems (SENSOR) which described the sensor hard-
ware itself, the observed scene, and the atmosphere effect,
and verified the simulation results in the Airborne PRISM
Experiment (APEX) project supported by the European Space
Agency [17]. Yang et al. developed a high-resolution mid-
infrared imaging simulation system for spaceborne satellites
using the atmospheric radiation model MODTRAN4, and a
preliminary examination proved that the simulation model had
better accuracy [18]. Stephen et al. described the Aerospace
Corporation’s Parameterized Image Chain Analysis & Sim-
ulation Software (PICASSO) a simulation model for the
infrared band that can evaluate the imaging quality through
the parameters of the sensor [19], [20]. Pandya ef al. used the
atmospheric radiative transfer model MODTRAN to simulate
at-sensor radiance for thermal channels of Imager payload
onboard INSAT-3D satellite [21]. Using atmospheric radiation
transmission models and imaging models, Zhao proposed
a simulation model for aerospace infrared remote sensing
imaging system by constructing a surface thermal infrared
radiation scene [22]. Segl et al. developed simulation software
that could analyze data acquisition, sensor calibration, and
data processing of Sentinel-2 satellites [23]. Verhoef and Bach
simulated the images from Sentinel-3 sensors using a land
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scene generator (LSG) model [24]. Gastellu developed a three-
dimensional radiation transmission simulation model (DART).
By constructing three-dimensional ground scenes, it can sim-
ulate the images under different atmospheric conditions and
sensor responses [25]-[27]. From these studies, we find that
each remote sensing imaging models are developed for an
imaging system integrated with a certain type of spaceborne
platform and the viewing zenith and atmospheric effect are
basically small or constant in each image [28]-[34]. However,
Moon-based Earth observations have various viewing zenith
angles and atmospheric effects in every image, and the effect
of the ionosphere cannot be ignored due to the high orbital
attitude of Moon-based platform. Therefore, the current remote
sensing imaging models cannot directly apply to Moon-based
Earth observation platforms.

To understand the thermal infrared observation properties
for a Moon-based Earth observation platform, a thermal
infrared imaging simulation method for Moon-based Earth
observation was developed in view of the characteristics of
the observation platform, and the thermal infrared image from
the Moon-based Earth observation platform were simulated.
In this study, the simulation includes three parts, e.g., the
estimation of Moon-based imaging coverage, the acquisition of
the radiation intensity at the entrance pupil of the Moon-based
sensor, and the simulated image output from the Moon-based
thermal infrared sensor. Then the Moon-based simulation
results are validated with the existing thermal infrared remote
sensing data obtained from a satellite. Further, this paper com-
pared the simulation method with other methods. This study
would provide supporting for the construction of Moon-based
thermal infrared sensors and their applications in the future.

Il. DATA USED IN THIS STUDY

A. Global Land Surface Temperature (LST) Observed
From the Moon-Based Platform

The global LST observed from the Moon-based platform
was obtained by time correction. Based on the diurnal variation
characteristics of the LST under sunny conditions, the NIE17
model was used for the time correction to estimate the global
LST acquired at the same coordinated universal time [35].
The global LST observed by the Moon-based Earth observa-
tion platform is mainly concentrated in the regions of 60°S
to 60°N, except for extreme weather conditions and areas.
In addition, the global LST images can cover about half of
the Earth’s surface, and the imaging position varies from east
to west with the relative movement of Earth and Moon. The
observation time (coordinated universal time, UTC) of every
pixel is the same. In this study, the global LST is used for
simulating the thermal infrared image of the Moon-based Earth
observation platform.

B. Global Land Elevation Data

Global surface elevation data with spatial resolution sim-
ilar to that of LST data were selected to estimate the
surface radiation scene and atmospheric radiation in this
study. The elevation data are global land one-kilometer
base elevation (GLOBE) data released by the National Cen-
ters for Environmental Information (NCEI) of the National

Oceanic and Atmospheric Administration (NOAA), with
equal latitude and longitude projections and a spatial res-
olution of 30°, and can be acquired from the website:
https://www.ngdc.noaa.gov/mgg/topo/globeget.html.

C. Brightness Temperature Data From FY-2 Satellite

The Fengyun-2 (FY-2) weather satellite is the first gen-
eration of geostationary orbit weather satellite developed by
China, and it includes eight satellites, e.g., FY-2A, FY-2B,
FY-2C, FY-2D, FY-2E, FY-2F, FY-2G, and FY-2H, which
were launched in June 1997, June 2000, October 2004,
December 2006, December 2008, January 2012, December
2014, and June 2018, respectively. The equivalent blackbody
brightness temperature (TBB) data from a Visible and Infrared
Spin Scan Radiometer (VISSR) consistent with the simu-
lated time (January 1 to 3, 2015) were selected to verify
the results of thermal infrared imaging simulation for the
Moon-based Earth observation platform. The VISSRs aboard
FY-2E and FY-2F satellites have five bands, including bands
1 (far-infrared, 10.29 - 11.45 um), band 2 (far-infrared,
11.59 - 12.79 um), band 3 (mid-infrared, 6.32 - 7.55 um),
band 4 (mid-infrared, 3.59 - 4.09 um), and band 5 (near-
infrared, 0.510 - 0.905 um), and has a time resolution
of 30 minutes and a spatial resolution of 5 km at the
nadir. The TBB data with full disk nominal (NOM) format
can be obtained from the National Satellite Meteorological
Center (NSMC) of the China Meteorological Administration
(http://satellite.nsmc.org.cn/portalsite/Data/Satellite.aspx).

I1l. METHODS

The thermal infrared imaging simulation of Moon-based
Earth observation platform comprises three parts, including the
estimation of Moon-based imaging coverage, the acquisition
of radiation intensity at the entrance pupil of Moon-based
sensor, and the simulated image output from Moon-based
thermal infrared sensor. In the paper, the Moon-based Earth
observation platform is assumed to be set in the nadir of the
Moon, and the JPL DE405 ephemeris data are selected to
estimate the position of Moon-based nadir at different times.
Then, the solar elevation angle and viewing zenith angle of the
Moon-based thermal infrared sensor can be estimated through
these parameters such as the Earth’s curvature, longitude,
latitude, date, elevation, and time. The spatial coverage of the
Moon-based Earth observation are the areas where the solar
elevation angle is bigger than zero. In addition, the thermal
infrared image from the Moon-based Earth observation plat-
form is resampled to the same spatial resolution as that of the
MODI11C3 product.

A. The Radiance at the Entrance Pupil of the
Moon-Based Thermal Sensor

As a key part of the Earth-space environment, the
ionosphere exists in the areas of 90 km to 1000 km above
the Earth’s surface, and is composed of many ions and free
electrons. Due to the limited orbital heights of many satellite
platforms, the spaceborne thermal infrared imaging generally
need not consider the ionosphere effect. However, a Moon-
based platform is located outside Earth’s ionosphere, which
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can cause the changes in the propagation path of thermal
infrared radiation and radiation energy attenuation due to the
collisions between neutral particles, ions, and electrons. There-
fore, the influence of ionosphere on thermal infrared radiation
needs to be analyzed in this study. Since the ionosphere
is in the geomagnetic field, the ionosphere mentioned here
refers to plasma with an applied magnetic field. The dielectric
tensor of a uniform magnetized plasma is as (1), shown at
the bottom of the page, where &, is the dielectric tensor of a
uniform magnetized plasma, w), is plasma frequency, w is the
electromagnetic wave angular frequency, w.. is the electron
cyclotron frequency, j is the imaginary unit, v, is the collision
frequency between electrons and neutral gas molecules, 6 is
the viewing zenith angle, and e is the magnitude of electron
charge. The attenuation coefficient of electromagnetic waves
in plasma is:

)

where o is the attenuation coefficient of electromagnetic waves
in plasma, w is the electromagnetic wave angular frequency,
c is the velocity of light, and Im is the imaginary part of
propagation constant. The power attenuation can be expressed
as:

a = —glm (\/Z)

Cc

Att = 8.690z(dB) 3)

where a is the attenuation coefficient of electromagnetic waves
in plasma, z represents the thickness of the ionosphere. The
frequency change caused by the ionosphere can be calculated
by the formula:

—b d [ Ndl
.

27 wc
where b is 1.6 x 10° mks, o is the electromagnetic wave
angular frequency, c is the velocity of light, N is the electron
concentration, z represents the thickness of the ionosphere,
and ¢ is the plasma temperature.

Moreover, in the estimation of the radiance at the entrance
pupil of the Moon-based thermal sensor, the atmospheric effect
is the main factor and needs to be analyzed. Since the scatter-
ing and absorption caused by the water vapor and aerosols
in the atmosphere, the thermal radiation generated by the
Earth’s surface can be weakened when it reaches the sensor’s
entrance pupil. The atmosphere is also an infrared radiation
source that generates upwelling and downwelling radiation.
The atmospheric downward radiation first reaches the ground
surface and is reflected by the ground surface. Then, through
atmospheric absorption attenuation, the atmospheric down-
ward radiation together with the atmospheric upward radiation
at the top layer of the atmosphere is received by the Moon-
based thermal infrared sensors, causing an increase in the

“)

radiation energy at the sensor’s entrance pupil. The spectral
radiance received by the high-altitude observation platform
(the radiance at the entrance pupil, units: w - sr—! - em™2)
at the viewing angle (6, ¢) can be expressed as [20], [23],
[36]-[39]:

1 0,9)=1Ig (0,9) 7 (0,9) + Rayy (0, 9) (5)

and Ig (6, ¢) is the spectral radiation received by Earth’s
surface with units of w - s¥~! - cm™2, which can be expressed
as:

Ir (0, 9) =& (0,9) Ip (Ts) + (1 — £ (0, 9)) (6)

where ¢; is the spectral emissivity of Earth’s surface, 7; is
atmospheric transmittance, Ty is LST, Ip (Ty) is the ther-
mal infrared radiation from Earth’s surface with units of
1 em™2, i is frequency, Ray;1 is atmospheric upward

Ray
T

w-sr— -cm
radiation, and R,y is atmospheric downward radiation.

The Moon-based Earth observation platform is at the theo-
retical stage, and the relevant thermal infrared sensor has not
been developed. In this study, MODIS 31 and 32 (TIR Band 1,
TIR Band 2) are selected as the operating bands of the thermal
infrared sensor of the Moon-based Earth observation platform,
and their spectral ranges and spectral response functions are
shown in Figure 1. Then the atmospheric radiation transmis-
sion model MODTRAN is used to simulate the radiance
image at the entrance pupil of the thermal infrared sensor
of the platform. The input parameters of the MODTRAN
model include atmospheric profile data, atmospheric parame-
ters, carbon dioxide content, aerosol type, water vapor content,
land surface emissivity, land elevation, and viewing zenith
angle. The atmospheric profile data uses the default data in
the MODTRAN model. Since the atmospheric parameters of
each pixel depend on the latitude and time, the subarctic win-
ter atmospheric parameters, mid-latitude winter atmospheric
parameters, tropical atmospheric parameters, and mid-latitude
summer atmospheric parameters from the MODTRAN model
are used in the northern hemisphere polar region, northern
hemisphere mid-latitude regions, tropical regions, and southern
hemisphere mid-latitude regions, respectively. The water vapor
and carbon dioxide contents are determined by the actual fea-
tures of Moon-based Earth observation platform. The aerosol
type is set as rural aerosol with a visible distance of 23 km
because 23 km is the best weather condition [40], [41]. The
values of the MODIS land surface emissivity products have
little variation for TIR Bandl or TIR Band2 in different time
periods (91% of the land surface emissivity changes within
0.002, and 99.4% of the land surface emissivity changes
less than 0.006); thus, the average emissivity from different
time periods (including 01:30 am, 10:30 am, 13:30 pm, and
22:30 pm) is used in the MODTRAN model, and the land
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Fig. 1. Spectral response functions of the Moon-based thermal sensor
bands.

elevation data (GLOBE data) from the National Environmental
Information Center are used for the simulation.

B. The Simulation Image From the Moon-Based Thermal
Sensor

Through the effect of the optical sensor system, the irra-
diance of the focal plane of the thermal infrared sensor for
the Moon-based platform can be estimated by the radiation
energy of the entrance pupil. Then, a digital signal image
processed by remote sensing data processing systems can be
output through the photoelectric conversion of the infrared
detector (the radiant energy is converted into weak voltage
signals) and signal processing, such as amplification, filtering,
sampling, and quantization [42]-[44]. During the process of
thermal infrared imaging, the radiant energy and imaging
quality at the infrared focal plane are related to the trans-
mittance, the effective aperture, and the effective focal length
of the optical system, and the output image quality depends
on the spectral response of the detector, spatial response,
and focal plane nonuniformity. Furthermore, various random
noises generated during signal transmission, conversion, and
processing [45]-[49] have an impact on the radiation resolu-
tion of the image.

The thermal infrared imaging method of the Moon-based
Earth observation platform is set as frame imaging. Based
on the physical process of the thermal radiation signal inside
the sensor, the sensor effect on the thermal infrared imaging
of the Moon-based Earth observation platform is analyzed,
which mainly includes three parts: the imaging simulation
of the optical system, the detector effect simulation, and the
signal simulation of the thermal infrared remote sensing image.
Because the detector module and signal processing module are
related to the manufacturing process, these two parts are not
described in this study, and we focus on the sensor optical
system and grayscale quantification simulation. The thermal
infrared radiation flux reaching the focal plane of the thermal
infrared sensor can be expressed as:

T 4
=m'cosaoli 7
where E (units :w-cm~?) is the thermal infrared radiation flux
reaching the focal plane of the thermal infrared sensor; 7 is the

atmospheric transmittance; F is the F number of the optical
sensor system, and F = fj / D, D is the effective aperture of
the optical sensor system, in which fy is the effective focal
length of the optical sensor system and a is the angle between
the detection pixel and the central axis in the infrared focal
plane; I; is the radiance at the entrance pupil; and cos*a is
the imaging shadow effect caused by the optical system.

Then through analog to digital conversion (A/D) which
contains sampling, holding, quantization and coding, the con-
tinuous physical quantity (thermal infrared radiation) can be
converted into a binary number that the computer can recog-
nize. The digital number (DN) value of a grayscale image in
the thermal infrared band through the photoelectric conversion,
operational amplification and quantization of the sensor can be
obtained by [18]:

- Emin

DN = NearestInteger |:
— Enin

(2 - 1)} ®)
max
where NearestInteger[ ] is a integer-truncation operation, E
is the radiation intensity of a pixel, E,;, is the minimum
radiation intensity of a single pixel within the observation
range, E, . is the maximum radiation intensity of a single
pixel within the observation range, and r is the number
of quantization levels after A/D conversion of the infrared
imaging system.

In this study, the noise from the imaging process is con-
verted into composite noise and calculated in the signal
simulation module. The system noise of the sensor can be
expressed as [22]:

NI VI

NETD = : : )
Aoafro [{2 14 (2) D* (2) 24024

oM (T,2) _ (2mhc?) (he/k) 0
oT o672 (ehc/ikT _ 1) (10)

. 2 Ag oM (T, %)
TF = 2ROt (A) —="2dAi (11
sitF =6 [ SRy B0 an
Osys = NETD x SiTF (12)

where o,y is the system noise of sensor, NET D is the
equivalent temperature difference of system noise (units: K),
SiTF is the system signal transfer function, A, is the radi-
ation area received by the detector (units: m?), Af is the
measurement circuit bandwidth (units: MHz), o and f are the
plane angles of the instantaneous field of view (horizontal and
vertical), 79 is the lens transmittance, 7, is the atmospheric
transmittance, D* (1) is the specific detection rate, T is the
target temperature (units: K), G is system gain, F is the F
number of optical sensor system, R (1) is the system response
rate, 4 is the central wavelength of band (units: um), ¢
represents the speed of light (2.99793 x 108m - s~1), h is the
Planck constant (6.626 x 107347 . s), and k is the Boltzmann
constant (1.3806 x 10-23J . K).

IV. RESULTS
A. Estimation of Moon-Based Imaging Coverage

Moon-based Earth observation platform has a special orbit,
which affects directly the image coverage at any times
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Fig. 2. The viewing altitude angle of the Moon-based Earth observation
platform.

from Moon-based Earth observation. The JPL high-precision
ephemeris DE405 data records the space position and velocity
of the Sun, the Earth (planets), and the Moon in the form
of Chebyshev polynomials from 1600 A.D. to 2200 A.D.
In this study, given that the Moon-based platform locates
in the center of the Moon surface, the ephemeris data was
selected to estimate the viewing altitude angle of Moon-based
platform, as shown in Figure 2. The areas where the viewing
altitude angle is greater than 0° is the viewable areas of the
Moon-based Earth observation platform, given in the green
in Figure 2. The center of the viewable areas (defined as the
nadir) has the altitude angle of 90°, and it gradually decreases
to the surroundings, until 0° in the boundary of the visible
range.

Generally, the viewing zenith angle is a key parameter and
used in most satellite observation. The sum of the viewing
zenith angle and the observation altitude angle is 90 degree.
Therefore, the viewing zenith angle of the thermal infrared
sensor of the Moon-based Earth observation platform is 0-90°,
and the nadir has the viewing zenith angle of 0°. For the
existing spaceborne thermal infrared sensor, the viewing zenith
angle is small, constant, or within 70°. Considering that as
the viewing zenith angle increases, the radiance attenuation
at the entrance pupil obtained by the thermal infrared sensor
of the Moon-based Earth observation platform increases, and
the data quality decreases. To obtain effective thermal infrared
data from the Moon-based sensors, the spatial coverage of the
Moon-based thermal infrared sensor under different viewing
zenith angle conditions is analyzed in detail, as shown in
Figure 3. Figure 3 (a)-(c) show that the nadir is near 13°S
when the viewing zenith angles of the Moon-based Earth
observation platforms are less than or equal to 90°, 80°, and
70°, respectively. The Moon-based Earth observation platform
can observe all of South America, most of North America,
and Antarctica when the zenith angle is less than or equal to
90°. The Earth’s surface between 90°S and 75°N could be
measured by the Moon-based platform under this condition.
The spatial coverage decreases when the viewing zenith angle
is less than 80°, but the Moon-based platform can still monitor
the Earth’s surface from 90°S to 65°N. Moreover, the Moon-
based platform can monitor the Earth’s surface from 83°S to
55°N with a viewing zenith angle less than 70°.
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Fig. 3. The spatial coverage of the Moon-based thermal infrared sensor
at 14:00 UTC on January 15, 2015 under different viewing zenith angles.

B. The Simulation Results From the Moon-Based
Thermal Sensor

In this study, we calculated the effect of the ionosphere from
8 um-12 um based on formulas (1)-(4), as figure 4 and 5.
Results show that the attenuation and frequency change caused
by the ionosphere increases as the wavelength increases.
Moreover, the magnitude of the attenuation is 10715 and the
frequency change caused by the ionosphere is approximately
1074, indicating that the value is small. Thus, the ionosphere
has little influence on Moon-based thermal infrared imaging
simulations, and the atmosphere is the main factor influencing
the estimation of the radiance at the entrance pupil of the
Moon-based thermal infrared sensor.

Then based on the MODTRAN model and the characteris-
tics of Moon-based Earth observation platform, several factors
affecting the radiance at the entrance pupil were analyzed with
8-14 um wavelengths in this study (Figure 6). Figure 6 shows
that the radiation brightness is related to the viewing zenith
angle, water vapor content, visible distance, carbon dioxide
content, and wavelength. When the atmospheric parameters
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thermal infrared.

are constant, the radiation brightness at the entrance pupil of
the Moon-based thermal infrared sensor gradually decreases
with increasing viewing zenith angle, and the attenuation rate
increases (Figure 6a). The low water vapor content in the
atmosphere or the large visible distance leads to an increase
in the radiance at the entrance pupil, while the changes
in the atmospheric carbon dioxide content have little effect
on the radiance at the entrance pupil (Figure 6b-d). Therefore,
the viewing zenith angle, water vapor content, and visible
distance of the atmosphere must be analyzed in detail, and
other atmospheric parameters can be adopted as the default
values of the MODTRAN model when calculating the radiance
at the entrance pupil.

Based on the global LST in the field of view of the
Moon-based Earth observation platform, the radiance at the
entrance pupil of the Moon-based Earth observation platform
was estimated by the MODTRAN model (Figure 7). The
results show that the thermal infrared radiation intensity at
the entrance pupil of the Moon-based platform has the same
order of magnitude as that of the existing thermal infrared
remote sensing data (which is 10™%w - sr=! - em™2). The
simulated thermal infrared radiation intensity at the entrance
pupil has spatial variation characteristics similar to those
of the global LST under the field of view of the Moon-
based Earth observation platform at the corresponding time.
This indicates that the establishment of a thermal infrared
Earth observation platform on the Moon can better monitor
the spatial distribution of the LST. Further, the radiance at
the entrance pupil of Moon-based thermal infrared sensor
channel 1 (Figure 7a, MoonTIR1) is slightly greater than that
of channel 2 (Figure 7b, MoonTIR2), and MoonTIR1 also
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Fig. 7. The simulated radiance at the entrance pupil of the Moon-based
Earth observation platform (a. TIR Band 1; b. TIR Band 2).

has a larger variation range of the radiance in the entrance
pupil. This is because the center wavelengths of MoonTIR1
and MoonTIR2 are 11 gm and 12 um, respectively, and the
peak surface radiation energy is approximately 10 um. As the
wavelength increases beyond 10 um, the radiant energy shows
a decreasing trend.

In formulas (7) and (8), I; is the radiance at the
entrance pupil of the Moon-based Earth observation platform
(Figure 7), E 1is the irradiance of the focal plane of the
thermal infrared sensor, and the DN of formula (8) is the
final image of the thermal infrared sensor from the Moon-
based Earth observation platform. First, Figure 7 is used to
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Fig. 8. The simulated image of the Moon-based thermal infrared sensor.

calculate the irradiance of the focal plane of the thermal
infrared sensor for the Moon-based Earth observation platform
by formula (7). The results show that the irradiance image
reaching the focal plane has a spatial distribution trend similar
to that of the radiance image at the entrance pupil (Figure 7a)
and is significantly smoother. In particular, the areas with low
temperature and near the edge of the image have a significantly
decreased spatial difference. This is because the radiant energy
has a certain attenuation when passing through the lens in the
optical system, causing a decrease in the difference between
different pixels. Moreover, the energy gathered by the pixels
away from the central axis in the focal plane is reduced
with increasing distance between the pixels and the center
axis in the optical system due to imaging geometry problems.
Therefore, the spatial differences in or near the marginal areas
are small.

Then, the final simulated image of the thermal infrared
sensor from the Moon-based Earth observation platform
(Figure 8) was calculated by formula (8) with the A/D sam-
pling number r set as 12. In addition, the focal length, the
effective aperture, and the optical transmittance of the thermal
infrared sensor of the Moon-based Earth observation platform
are set as 2000 mm, 2 m, and 0.5, respectively. Through the
analysis of the thermal infrared sensor, the spatial resolution
is related to the focal length and the effective aperture.
The determination of the focal length shows that the spatial
resolution increases with decreasing effective aperture. A small
effective aperture requires a large sensor size, but the original
panel size is limited due to the material and manufacturing
process, causing decreasing spatial resolution. In addition, the
spatial resolution increases with decreasing focal length of
the thermal infrared sensor. In view of the characteristics and
capability of the Moon-based Earth observation platform, the
focal length and the effective aperture of the thermal infrared
sensor are set as 2000 mm and 2 m, respectively; thus, the
spatial resolution is approximately 1 km. Figure 8 shows that
the thermal infrared image DN value of the final Moon-based
Earth observation platform is highly similar to the radiance
image at the entrance pupil, indicating the spatial distribution
of the true LST.

C. Validation of Simulation Method Based on FY-2 Data
Since the digital number (DN) value of a grayscale image

in the thermal infrared band was obtained through the photo-

electric conversion, operational amplification and quantization
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Fig. 9. The errors of the Moon-based thermal infrared simulated bright-
ness temperature with the TBB products from the FY-2 geostationary
satellites. (a) Simulation bias based on FY-2E data; (b) simulation bias
based on FY-2F data.

of the sensor, there are no suitable thermal infrared data from
geostationary satellites for comparison. The equivalent black-
body brightness temperature data from the VISSR consistent
with the simulated time (January 1 to 3, 2015) were selected
to verify the accuracy of the simulated brightness temperature
of the Moon-based thermal sensor, which can be obtained
by formulas (5)-(6). Considering the service life of FY-2
geostationary satellites, the VISSR data aboard FY-2E and 2F
satellites are suitable for validating the simulation results from
the Moon-based thermal infrared sensors. The FY-2 E and F
meteorological satellite is positioned at 104.5 and 112 East
longitude over the equator, covering one third of the surface
and located in the low and middle latitude regions. However,
the Moon-based Earth observations can cover about half of
the Earth’s surface, as shown in Figures 7 and 8. Therefore,
to be consistent with the coverage of FY-2, we selected the
area in Figure 9 as the study area (70-150°E, 10-55°N) to
analyze the accuracy of the Moon-based thermal infrared
simulation results. Figure 9 shows the bias of the Moon-based
thermal infrared simulated brightness temperature with the
TBB products from FY-2 E and F geostationary satellites. The
figure shows that the simulation bias is less than 7 K and is
significantly low or high in the low latitude region.

Then we analyzed the simulation errors based on 4404 sam-
ple points in study area, and the comparison of the Moon-
based thermal infrared simulated brightness temperature with
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TABLE |
COMPARISON OF THE MOON-BASED THERMAL INFRARED SIMULATION
RESULTS WITH FY-2E AND 2F THERMAL INFRARED DATA

Moon-based

Viewing FY-2E FY-2F simulations/ Absolut
zenith angle/°  TBB/K TBB/K K e error

20 292.86 293.52 291.00 2.19

30 288.23 289.19 290.01 1.30

40 282.07 282.56 286.50 4.19

50 269.92 270.34 274.64 4.49

60 267.69 267.84 27291 5.14

70 269.76 269.13 275.11 5.70

the TBB products under different viewing zenith angles is
shown in Table I. From the table, the absolute error of the
Moon-based thermal infrared simulations is 1.3-5.7 K, and the
measured brightness temperature is 267.69-293.52 K. Hence,
the relative error (which is the ratio of the absolute error to
the measured brightness temperature) can be 0.44% - 2.12%.
In addition, the simulated value from the Moon-based thermal
infrared sensors is slightly larger than the measured TBB from
FY-2E geostationary satellite except for the viewing zenith
angle of 20°. The uncertainty in the simulation may relate to
the selection of atmospheric parameters, especially the water
vapor parameters. There are six representative atmospheric
modes with significant differences in the MODTRAN model,
e.g., sub-Arctic winter, mid-latitude winter, tropical, mid-
latitude summer, sub-Arctic summer, and 1976 U.S. Standard
mode, each with significantly different water vapor. In addi-
tion, the water vapor changes with altitude instead of being
constant for each atmospheric mode. Therefore, when we
conduct the simulation of the Moon-based Earth observation
platform, the whole Earth is divided into four regions based on
the latitude and season on January 1, 2015, and every region
has a unique water vapor column. However, the water vapor
should theoretically be different in different pixels, so this
causes some error during the simulation. Moreover, Figure 6
demonstrates that the changes in water vapor column can affect
the simulated radiance. In this study, the study area used to
evaluate the Moon-based thermal infrared simulation results
is located in the low- and middle-latitude regions, so water
vapor can cause simulation biases. On the other hand, the
Moon-based Earth observation platform has different orbital
characteristics from those of the geostationary satellites, so the
systematic error of the two observations is different, and the
difference between the platforms results in simulation biases.

Furthermore, the accuracy of the thermal infrared imaging
results from the Moon-based Earth observation platform were
analyzed. Figure 10 shows a comparison of the Moon-based
thermal infrared simulations with the TBB data from FY-2E
satellites. The viewing zenith angles are 20°, 30°, 40°, 50°,
60°, and 70°, the root mean square errors (RMSEs) of the
Moon-based thermal infrared simulations are 1.38 K, 2.71 K,
2.80 K, 3.09 K, 2.96 K, and 2.51 K, respectively. It can be
seen that there are no obvious correlations between the error
of Moon-based thermal infrared simulations and the viewing
zenith angle. In addition, there is a low correlation between
the Moon-based TIR simulated data and the TBB observations
of FY-2E instruments with viewing zenith angles of 20° and

30°, and the RMSEs are 1.38 K and 2.71 K. As the viewing
zenith angle is more than 30°, the Moon-based simulations
and FY-2E measurements have a strong correlation.

Figure 11 shows the comparison of the Moon-based simu-
lations with FY-2F TBB data. With the viewing zenith angles
of 20°, 30°, 40°, 50°, 60°, and 70°, the RMSEs of the Moon-
based thermal infrared simulations are 2.17 K, 2.56 K, 2.94
K, 3.12 K, 2.81 K, and 1.96 K, respectively. There are no
obvious correlations between the error of the Moon-based
thermal infrared simulations and the zenith angle. Moreover,
there is a low correlation between Moon-based TIR simulated
data and the TBB observations of the FY-2E instruments with
a viewing zenith angle of 20°. As the viewing zenith angle
is greater than 20°, the Moon-based simulations and FY-2E
measurements have a high correlation.

Figures 10 and 11 show that the viewing zenith angle has
a small influence on the accuracy of Moon-based thermal
infrared simulation results, and the error between simulation
results and FY-2E data is slightly higher than that of FY-2F
data. In all, the absolute error of Moon-based thermal infrared
simulations is between 1.3 and 5.7 K, and the RMSE is
between 1.38 and 3.12 K. Since the simulated brightness
temperature is 267.69 - 293.52 K, and the relative error
is between 0.44% - 2.12%, the thermal infrared simulation
results and method for Moon-based Earth observation platform
are reliable [50], and the thermal infrared imaging model
of Moon-based Earth observation platform developed in this
study can more realistically simulate the real situation of Earth
surface, indicating that it is feasible for the Moon-based Earth
observation platform to observe Earth in the thermal infrared
band.

V. DISCUSSION

In this study, six existing peer’s simulation method for
thermal infrared imagery, including RS image-simulation
method (RSISM) [15], [16], SENSOR approach [17], thermal
infrared remote sensing system (TIRSS) [18], PICASSO [19],
[20], thermal channels radiance simulation of INSAT-3D sen-
sor (TCRS- INSAT3D) [21], End-To-End Sensor Simulation
(ETESS) [23] were selected to compare with the thermal
infrared imagery simulation from Moon-based Earth observa-
tion. The suitable wavelength, visible distance, aerosol type,
solar zenith angle, simulation steps, atmospheric radiative
transfer, orbital height of seven simulation were analyzed and
detailed results were shown in table II.

It can be seen that seven simulation methods have different
suitable wavelength, which are 0.5-1.75, 0.4-2.5, 0.76-1000,
0.45-0.8, 0.55-12.5, 0.44-2.2, and 2.0-1000 xm, respectively.
The visible distance of SENSOR is 15 km, and others
are 23 km. The rural aerosol type is adopted by six sim-
ulation method except TIRSS, and the solar zenith angle
are 64.8°, 30°, constant value, 0°, 0-60°, 40°, and 0-90°,
respectively. Besides TCRS- INSAT3D, the other existing
simulation method have small and constant solar zenith angle.
This is because the existing methods are applicable to the
satellites which have low orbital height, limited view sight,
and small scan width. The TCRS- INSAT3D is used to
simulate the satellite level at-sensor radiance corresponding to
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TABLE Il
THE COMPARISON OF DIFFERENT SIMULATION METHOD
TCRS- Moon-based
Items RSISM SENSOR TIRSS PICASSO INSAT3D ETESS simulation
Suitable 0.5-1.75 04-2.5 0.76-1000 0.45-0.8 0.55-12.5 0.44-2.2 0.75-1000
wavelength (pum)
Visible distance 23 15 23 23 23 23 23
(km)
Aerosol type rural rural MTF rural rural rural rural
Solar Zelllth angle 648 30 constant 0 0~60 40 0-90
(©) value
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Fig. 10. Comparison of Moon-based thermal infrared simulations with

FY-2E thermal infrared data. (a) The viewing zenith angles (VZA) is 20°;
(b) VZA is 30°; (c) VZA is 40°; (d) VZA is 50°; (e) VZA is 60°; (f) VZA

is 70°.

all four infrared channels of INSAT-3D Imager payload, and
the INSAT-3D is geostationary satellite whose zenith angle is
0-60°. The Moon-based simulation has the largest range solar
zenith angle with 0-90°. Every simulation method analyze
the atmospheric effect and adopt the radiative transfer model
MODTRAN, LOWTRAN, or Modulation transfer function

Fig. 11.

is 70°.

(e)

FY-2F TBB (K)
(]

Comparison of Moon-based thermal infrared simulations with
FY-2F thermal infrared data. (a) The viewing zenith angles (VZA) is 20°;
(b) VZA is 30°; (c) VZA is 40°; (d) VZA is 50°; (e) VZA is 60°; (f) VZA

(MTF). In theory, the zenith angle can affect the calculation of
atmospheric radiative transfer, and the results of atmospheric
parameters for Moon-based Earth observation change much in
each image. The orbital height is 3, 7.5, space and airborne,
500, 35700, 705, and 380000 km, respectively. Overall, com-
pared with the existing simulation method, the thermal infrared
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imagery simulation from Moon-based Earth observation have
large zenith angle and high orbital height, and analyzed the
ionosphere effect based on the characteristics of Moon-based
Earth observation platform.

VI. CONCLUSION

As a natural satellite of the Earth, the Moon has many
superiorities compared with artificial satellites and can provide
a new mean to monitor the LST due to the special orbital char-
acteristics and orbit parameters of the Moon. However, Moon-
based Earth observations are at the theoretical stage without
actual Earth observations, and the observation performance
needs to be explored by simulation. In this study, in view
of the capability analysis of a Moon-based Earth observation
platform in the thermal infrared band, a new method was
developed to simulate thermal infrared images from Moon-
based Earth observations. First, the viewing zenith angle
and spatial coverage of Moon-based Earth observations were
estimated using the JPL ephemeris data. Then, an atmospheric
radiation transfer model MODTRAN was used to simulate
the atmosphere influence on the Moon-based thermal infrared
band and generate radiance images at the entrance pupil of
the Moon-based Earth observation platform. Finally, thermal
infrared images were obtained for the Moon-based Earth
observation platform through the analysis of the thermal
infrared optical sensor system and the grayscale quantization
module of the Moon-based Earth observation platform.

Furthermore, the thermal infrared imaging results from
the Moon-based observation platform were validated by the
TBB data from the FY-2E and 2F satellites. The results
show that the absolute error of Moon-based thermal infrared
simulations is between 1.3-5.7 K, the RMSE is between
1.38 - 3.12 K, and the relative error is between 0.44% -
2.12%, indicating that the thermal infrared imaging model of
the Moon-based Earth observation platform can realistically
simulate the true conditions of the Earth surface and it is
feasible for the Moon-based Earth observation platform to
observe the Earth in the thermal infrared band. Moreover, this
paper compared the thermal infrared imagery simulation from
Moon-based Earth observation with six existing peer’s simu-
lation method for thermal infrared imagery, including RSISM,
SENSOR approach, TIRSS, PICASSO, TCRS- INSAT3D,
ETESS. In the future, research on the imaging parameter
optimization of thermal infrared sensors in the Moon-based
Earth observation platform will be carried out and provide
support for the design and manufacture of thermal infrared
sensors in the platform.
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