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Abstract Earth observation technologies are important
for obtaining geospatial information on the Earth’s surface
and are used widely in many disciplines, such as resource
surveying, environmental monitoring, and evolutionary
studies. However, it is a challenge for existing Earth
observation platforms to acquire this type of data rapidly
on a global scale due to limitations in orbital altitude and
field of view; thus development of an advanced platform
for Earth observation is desirable. As a natural satellite of
the Earth, placement of various sensors on the Moon could
possibly facilitate comprehensive, continuous, and long-
term observations of the Earth. This is a relatively new
concept and the study is still at the preliminary stage with
no actual Moon-based Earth observation data available at
this time. To understand the characteristics of Moon-based
microwave radiation, several physical factors that poten-
tially influence microwave radiation imaging, e.g., time
zone correction, relative movement of the Earth-Moon,
atmospheric radiative transfer, and the effect of the
ionosphere, were examined. Based on comprehensive
analysis of these factors, the Moon-based microwave
brightness temperature images were simulated using
spaceborne temperature data. The results show that time
zone correction ensures that the simulation images may be
obtained at Coordinated Universal Time (UTC) and that
the relative movement of the Earth-Moon affects the
positions of the nadir and Moon-based imaging. The effect
of the atmosphere on Moon-based observation is depen-
dent on various parameters, such as atmospheric pressure,
temperature, humidity, water vapor, carbon dioxide,
oxygen, the viewing zenith angle and microwave
frequency. These factors have an effect on atmospheric
transmittance and propagation of upward and downward
radiation. When microwaves propagate through the iono-

sphere, the attenuation is related to frequency and viewing
zenith angle. Based on initial studies, the simulation results
suggest Moon-based microwave radiation imaging is
realistic and viable.
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brightness temperature simulation, relative movement of
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1 Introduction

At present, remote sensing is the accepted way to conduct
high-precision and large-scale Earth observation and has
been used to monitor the resources and environmental
changes on the Earth. Existing airborne and spaceborne
platforms cannot rapidly acquire the observation data on a
global basis due to a low orbital altitude, a limited field of
view, and a long revisiting cycle. Although image fusion
and mosaic can expand the coverage, the results cannot
satisfy the demands for spatial and temporal consistency in
global observation owing to the different acquisition times.
In addition, Earth observation satellites cannot acquire
long-term and stable Earth observation data due to their
short lifetimes. Hence, it is necessary to devise a new
observation platform to ensure improvement in Earth
observation capability.
Since the 21st century, a number of lunar exploration

programs have been launched with a view of returning to
the Moon to set up a large-scale lunar base. Researchers
have thus begun to pay more attention to Moon-based
Earth observations. As a new method for Earth observa-
tion, Moon-based Earth observation offers unique advan-
tages when compared with artificial satellites, such as long
platform life, expanded coverage, multi-sensor capability,
and continuous Earth observation. (Guo et al., 2014). As a
result, Moon-based sensors can potentially be applied
across a range of subjects including solid Earth dynamics,
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energy budgets, the Earth’s environmental systems, and
the Earth-space environment (Guo et al., 2018).
Theoretical research concerning Moon-based Earth

observation is in its preliminary stages with numerous
studies focusing on the feasibility and performance of
Moon-based Earth observation platforms. Using the data
from Apollo 15, Huang (2004, 2008) showed that the
surface temperature of the Moon (the side facing the Earth)
accurately records important information about the Earth’s
climate system. Hamill (2007) evaluated the advantages
and feasibility of Moon-based Earth observations and
found that a panoramic view of the Earth can be obtained
from the side of the Moon closest to the Earth’s surface.
Based on comprehensive analysis, Johnson et al. (2007)
articulated the scientific rationale for Moon-based Earth
observations using visible and near-infrared instrumenta-
tion, and examined various factors, such as spatial,
spectral, and temporal resolution. Fornaro et al. (2010)
analyzed the performance and potential applications of
spaceborne and Moon-based synthetic aperture radar
(SAR) systems. Zhang (2012) calculated the real-time
Earth-Moon orbital position under the Cartesian solar
centroid coordinate system using the ephemeris data from
the Jet Propulsion Laboratory (JPL). Ding et al. (2014)
discussed several advantages of a Moon-based SAR
system superior to a low Earth orbit and its possible
applications. Guo et al. (2016) analyzed the Moon-based
SAR system parameters, including the visual range,
observable days, spatial resolution and swath width, and
discussed the characteristics of the lunar platform and
Moon-based sensors, as well as the scientific objectives for
Moon-based Earth observation and potential applications.
Ye et al. (2016) conducted coverage analysis of Moon-
based Earth observation using the JPL ephemeris data and
generated observation Boolean matrixes of sensitive
regions for global change. The results showed that
Moon-based Earth observation offers advantages for
monitoring and understanding of global change due to its
wide swath, continuous observation, and large coverage.
Ren et al. (2017) developed a simulation system for Moon-
based Earth observations and reference system transforma-
tions using the JPL ephemerides data.
At present, research on Moon-based Earth observation is

still in its preliminary stage without actual observation
data. To better understand the characteristics of a Moon-
based microwave radiation and support its system design, a
Moon-based microwave radiation imaging simulation was
undertaken. First, several factors that could potentially
influence the performance of a Moon-based microwave
radiation imaging system (e.g., time zone correction,
relative movement of the Earth-Moon, atmospheric
radiative transfer, the effect of the ionosphere) were
examined. Moon-based microwave radiation images
were then simulated using temperature data obtained by
satellite and the simulation results were then validated with
existing satellite microwave radiation data.

2 Data and processing

2.1 Basic data for image simulation

The Moderate Resolution Imaging Spectroradiometer
(MODIS) aboard the Terra and Aqua satellites provides
complete global data coverage every one to two days at
spatial resolutions of 250, 500, and 1000 m, and acquires
data in 36 spectral bands between 0.4 μm and 14 μm.
Given that MODIS has data gaps on a daily basis, the
products, including land surface temperature (LST) and sea
surface temperature (SST) from MODIS, and surface
temperature retrieved from the microwave brightness
temperatures between January 1 and 10, 2005, were
selected as the basic data for image simulation. The
microwave temperature data retrieved through a statistical
scheme (Alsweiss et al., 2017) were used to fill the missing
data gaps of MODIS. The global temperature data obtained
by fusion of the three types of data were used to simulate
the Moon-based microwave brightness temperature
images.

2.2 Validation data

The L2A brightness temperature products from the multi-
channel Advanced Microwave Scanning Radiometer
(AMSR-E) on January 1, 2005 were used to validate the
simulation results for the Moon-based microwave radiation
brightness temperatures. The AMSR-E aboard the Aqua
satellite, launched by the National Aeronautics and Space
Administration (NASA) on May 2, 2002, features dual-
polarized microwave measurement at frequencies of 6.9,
10.7, 18.7, 23.8, 36.5 and 89 GHz. The geometric
correction, image fusion, mosaic and color adjustment
were conducted for the AMSR-E data, and the global
brightness temperature images with frequencies of 6.9,
10.7, 18.7, 23.8, 36.5 and 89 GHz were generated. Using
the brightness temperature data from AMSR-E, the
accuracy for the simulation data of the Moon-based
microwave radiation brightness temperatures was vali-
dated for selected study sites.

3 Methods

Based on the characteristics of a Moon-based Earth
observation platform, various factors that influence the
Moon-based microwave radiation image simulation (e.g.,
time zone correction, relative movement of the Earth-
Moon, atmospheric radiative transfer and the effect of the
ionosphere) were analyzed in this study.

3.1 Time zone correction

Theoretically, each image acquired at the same time
(Coordinated Universal Time: UTC) by a Moon-based
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platform can cover almost half of the Earth’s surface,
spanning 12 time zones. However, most of the satellites
orbiting the Earth acquire data of its surface with limited
coverage and at different times. Although image fusion and
mosaic can expand the coverage, the results do not meet
the requirements for spatial and temporal consistency due
to the different acquisition times. Hence the temperature
data, for example, used for image simulation must be
corrected to the same UTC. That is, time zone correction of
the data must be implemented.
In this study, the diurnal temperature cycle model was

used for time zone correction. Due to the variance in
diurnal temperature has different characteristics in land and
sea surfaces, the time zone corrections were carried out
separately. For the SST, the diurnal cycle is related to
latitude, season, wind speed, etc., with season as the
primary factor. The greatest changes occurred in summer,
steadily decreasing in spring, then autumn, with the least
change observed in winter. The greatest variance in
summertime SST is approximately 0–3 K (Gentemann,
2003; Wang and Zhang, 2017; Yang et al., 2017; Carella
et al., 2018). Thus, time zone correction is not necessary
due to the minimal effect on the brightness temperatures.
However, due to the large temperature variation in the LST,
with potential effects on brightness temperatures, the
JNG06 diurnal temperature cycle model (Duan et al., 2014,
2012; Schädlich et al., 2001) was used for the LST time
zone correction. The model can be written as:

TdayðtÞ ¼ T0 þ Tacos½βðt – tmÞ�, t < ts,

TnightðtÞ ¼ b1 þ b2e
aðt – tsÞ, t³ts, (1)

with

b2 ¼ ½ – βTasin
�
βðts – tmÞ

�
�=α,

b1 ¼ T0 þ Tacos½βðts – tmÞ� – b2, (2)

where t is the local time, T0 is the residual temperature
around sunrise, Ta is the variation of the LSTover a diurnal
cycle, ts is the starting time of the free attenuation, tm is the
time at which the temperature reaches its maximum, and
T0, Ta, ts, tm, α, and β are parameters that need to be
determined.
As mentioned above, the MODIS carried by the Terra

and Aqua satellites can register up to four observations
each day at a specific location. There are six free
parameters in the above model, all of which must be
optimized. Based on a previous study (Duan et al., 2012),
the values of ts and tm were usually set as 16.5 h and 13.1 h,
respectively. The other four free parameters were then
determined via four observations. From Eq. (1), ΔTs from
t1 to t2 can be expressed as:

ΔTs ¼ Tðt1Þ – Tðt2Þ, (3)

then,

Tsðt2Þ ¼ Tsðt1Þ þ ΔTs: (4)

3.2 Relative movement of the Earth-Moon

The distance between the Earth and the Moon is about
380000 km. The Moon orbits the Earth in an elliptical orbit
with the orbital plane close to the ecliptic plane. Mean-
while, the rotation and revolution of the Moon are
synchronous with a period of 27.32 days. Hence, the
Moon always faces the Earth allowing for placement of
Moon-based sensors on the near side for Earth observation.
Moreover, due to the movement of the Earth and the Moon,
their relative position constantly varies, resulting in
changes of the nadir position and the Moon-based
observation area. Figure 1 is a simplified diagram of the
relative positions of the Earth and the Moon, where EF is
the Earth’s rotation axis, point O is the Earth’s core, point
B is the centroid of the lunar path, point A is a position on
the Earth’s surface, and H is the projection of A on the
ecliptic. The crossing point between OB and the Earth’s
surface is the nadir (point D). The angle of incidence of
microwave radiation can be obtained based on the
geometric relationship.
In this study, the JPL ephemeris data were used to obtain

the nadir position for Moon-based observation at any time.
The solar elevation angle of the Earth’s surface from a
Moon-based perspective can then be obtained based on
parameters such as date, time, latitude, longitude, eleva-
tion, and the Earth’s curvature. The coverage of Moon-
based Earth observations can also be obtained when the
solar elevation angle is greater than zero. The calculation
of the solar elevation angle can be expressed as:

hc ¼ arcsinðsinδsinφþ cosδcosφcosτÞ þ Δhc, (5)

where hc is the solar elevation angle, δ is solar declination,
φ is the geographic latitude, τ is the solar hour angle and
Δhc is the angular deflection caused by the specified site
elevation. Due to the small change in the solar declination
value, the declination angle δ on any day of the year can be
expressed as:

δ ¼ 0:3723þ 23:2567sin�

þ 0:1149sin2� – 0:1712sin3� – 0:758cos�

þ 0:3656cos2�þ 0:0201cos3�, (6)

with � ¼ 2πðN –N0Þ=365:2422, and where N is the
number of the date with accumulation starting from
January 1 of each year and N0 ¼ 79:6764þ 0:2422�
ðyear – 1985Þ – int½ðyear – 1985Þ=4�:
As an astronomical parameter, the solar hour angle is

defined as the difference between the right ascension of the
celestial body and local sidereal time. The formula is
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expressed as:

τ ¼ S0 þ T –ΔT – α, (7)

where S0 is the sidereal time at 0 o’clock UTC
(S0 ¼ 6h40m þ d$3m56s, where 6h40m is the sidereal
time at midnight on New Year’s Day and d is the number
of the date with accumulation starting from New Year’s
Day), T is local time, ΔT is the difference between the
local geographic longitude and the longitude of the time
zone centerline with the units of hour, minute and second,
and α is the right ascension.
Finally, according to the relationship between the solar

altitude angle and the zenith angle, the zenith angle for
Moon-based imaging coverage can be obtained, which can
be used as an input parameter for Moon-based microwave
radiation image simulation.

3.3 Atmospheric radiative transfer for Moon-based
observation

The atmosphere begins at the Earth’s surface and extends
upward approximately 100 km. The microwave radiation
emitted by the Earth’s surface would pass through the
atmosphere before being received by a Moon-based Earth
observation platform. During the actual process of atmo-
spheric transmission, part of the microwave energy would
be lost due to absorption and scattering of the radiant
energy by the atmosphere. However, radiation emitted
from the atmosphere would lead to an increase in the total
energy received by the observation platform. The atmo-
spheric parameters for spaceborne microwave radiation
imaging may be regarded as being uniform in nature due to
the limited coverage and the small viewing zenith angle.

However, in the case of an image acquired by a Moon-
based observation platform, the coverage would equate to
about half of the Earth’s surface. In addition, given the
wide range of the viewing zenith angle, the atmospheric
contribution should be considered due to the atmospheric
parameters for Moon-based microwave imaging.
In the context of atmospheric radiation transmission

theory, the radiant energy received by a Moon-based
microwave radiometer would be made up of four
components: 1) microwave radiation of the Earth’s surface
attenuated by the atmosphere; 2) atmospheric downward
radiation reflected by the Earth’s surface which is
subsequently attenuated by the atmosphere; 3) atmospheric
upward radiation; 4) radiation from the sun which is
attenuated by the atmosphere (Tatnall et al., 1996; Yujiri
et al., 1999; Huang et al., 2001; Yujiri et al., 2003; Zhang
et al., 2003; Salmon, 2004 and 2018; Zhang and Wu,
2007). The radiant energy can be expressed as:

TAP
0 ð�Þ ¼ εp, scene$Ts$τf ð�Þ þ T atm"ð�Þ

þ ð1 – εp, sceneÞ$T atm#ð�Þ$τf ð�Þ

þ ð1 – εp, sceneÞ$τ2f ð�Þ$T solar, (8)

and

T atm"ð�Þ ¼ !
s

0
kaðzÞTaðzÞe

– sec�%!
s

z
kaðz

0 Þdz0
$sec�dz,

T atm#ð�Þ ¼ sec�!
s

0
kaðzÞTaðzÞe

– sec�%!
z

0
kaðz

0 Þdz0
$dz,

Fig. 1 The relative position between the Earth and the Moon.
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τf ð�Þ ¼ exp –!
s

0
kaðzÞ$sec�dz

� �
, (9)

where TAP
0 ð�Þ is the radiant energy through the atmo-

sphere, εp,scene is the surface microwave emissivity, Ts is
the surface temperature, τf ð�Þ is the atmospheric transmit-
tance, T atm#ð�Þ is the atmospheric downward radiation,
T atm"ð�Þ is the atmospheric upward radiation, T solar is the
radiation from the sun, Ka is the atmospheric attenuation,
TaðzÞ is the air temperature, z is the altitude, s is the
distance between the antenna of a Moon-based microwave
radiometer and the target, and θ is the viewing zenith
angle.
Surface microwave emissivity is the key parameter for

determining the brightness temperature of objects and
depends on surface parameters, such as dielectric constant,
surface roughness, temperature, and water content. The
surface emissivity of a small area may be estimated based
on these surface parameters. However, the surface
emissivity of a large area for Moon-based observation
would need to be calculated by the radiative transfer
equation due to the low resolution of the microwave
radiometer and the effect of mixed pixels. The formula for
surface microwave emissivity is given in Eq. (10):

εp ¼
TBT – T atm" – T atm#$g

g$ðT0 –T atm#Þ
, (10)

where TBT is the microwave radiation brightness tempera-
ture, T0 is the surface temperature, T atm" is the atmospheric

upward radiation, T atm# is the atmospheric downward
radiation, and g is the atmospheric transmittance. In this
study, the surface microwave emissivity was obtained
using the microwave brightness temperatures, the land
surface temperatures, and the atmospheric profile data.
Atmospheric attenuation is another factor that would

influence Moon-based Earth observations and is related to
the absorption and scattering by particles and molecules in
the atmosphere, including aerosols, water vapor, carbon
dioxide, and oxygen. In the microwave and millimeter
wave bands, absorption by oxygen and water vapor is the
main factor that influences atmospheric attenuation. Based
on the International Telecommunication Union Radio
communication sector (ITU-R) P Series P.676-8 recom-
mendation, an estimation of the atmospheric attenuation of
microwaves (0–1000 GHz) can be obtained by the line-by-
line method. The method adopts a way of accumulating the
respective resonance lines of oxygen and water vapor to
enable calculation of the atmospheric attenuation of radio
waves at any pressure, temperature, or humidity. For an air
pressure of 1013 hPa, a temperature of 15°C, and a water
vapor density of 7.5 g/m3 (wet conditions, water vapor),
and 0 g/m3 (dry conditions, oxygen), the atmospheric
attenuation due to oxygen and water vapor in the 0–1000
GHz region is illustrated in Fig. 2(a). There are multiple
water vapor absorption bands in the 0–1000 GHz region
and eight absorption lines for oxygen. Moreover, from the
theoretical expressions for atmospheric transmittance, the
atmospheric transmittance is closely related to atmospheric
attenuation at the different heights. Figure 2(b) shows the

Fig. 2 (a) Atmospheric attenuation caused by oxygen and water vapor at 0–1000 GHz. (b) The change of atmospheric attenuation with
altitude at different frequencies.
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variation in atmospheric attenuation with altitude at
different microwave frequencies. As the altitude increases,
the atmospheric attenuation gradually decreases. When the
altitude is higher than 10 km, the atmospheric attenuation
is near zero.
In this study, the vertical atmosphere was divided into 20

layers and the atmospheric radiation of each layer, which
would influence the Moon-based observation, can be
calculated. Input parameters for this model included
meteorological factors, such as pressure, temperature,
humidity, and variable gas concentrations derived from
numerical weather prediction models, as well as surface
temperature, surface emissivity, and the zenith angle. First,
given the initial variables for the model, the atmospheric
attenuation and transmittance of each layer were obtained.
The Moon-based microwave radiation of each layer was
then calculated based on these known parameters using
Eqs. (8) and (9). Finally, the total microwave radiation
observed by the Moon-based microwave radiometer was
obtained.

3.4 The effect of the ionosphere

The ionosphere, an important element of the Earth-space
environment, exists in the upper atmosphere and extends
between 90 km to 1000 km from the Earth’s surface. The
medium consists of many free electrons and ions formed as
a result of interactions with solar radiation. The electron
concentration of the ionosphere varies significantly at
different heights. Due to the limited orbital height of a low-
orbit satellite platform, the effect of the ionosphere on
spaceborne microwave imaging usually does not need to
be considered. However, a Moon-based platform located
outside the Earth’s ionosphere can result in a change in the
propagation path of the microwave radiation and can
attenuate the microwave signal as a consequence of the
collisions between electrons, ions, and neutral particles.
The attenuation is closely related to the microwave
frequency, the collision frequency of the electrons, and
the vertical profile of the electron density (Laroussi and
Roth, 1993; Devi et al., 2008; Cong et al., 2018). Thus, the
effect of the ionosphere on Moon-based observations at
different microwave frequencies needs to be examined in
detail.
As shown in Eq. (11), an empirical model for the vertical

distribution of the electron concentration of the ionosphere
has been used to describe the distribution of the iono-
spheric electron concentration (Yu, 2012). In Eq. (11), Nm
E is the maximum electron concentration of layer E, hmE is
the corresponding height of layer E, ymE is the half layer
thickness of E, ymF2 is the half layer thickness of F2, hj is
the height of the ionosphere when the electron concentra-
tion is Nj, the electron concentration Nj is a linear
distribution when the height is lower than hj, Nj is a

parabolic distribution when the height is larger than hj, and
H ¼ 1:66½30þ 0:075ðhmF2 – 200Þ�.

Ne ¼

NmE 1 –
h – hmE

ymE

� �2� �
hmE – ymE£h£hmE

Nj –NmE

hj – hmE
hþ NmE$hj –Nj$hmE

hj$hmE
hmE < h£hj

NmF2 1 –
h – hmF2

ymE

� �2� �
hj < h£hmF2

NmF2exp
1

2
1 –

h – hmF2

H
– e

–
h –hmF2

H

 !" #

hmF2 < h£1000 km:

8>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>:

(11)

The propagation of microwave radiation through the
ionosphere is dependent on the variation of the ionospheric
refractive index, which in turn is correlated positively with
the electron concentration at the corresponding propaga-
tion layer. The atmospheric refractive index can be
expressed as Eq. (12). Moreover, the ionospheric attenua-
tion varies greatly at different heights due to the change of
electron concentration. The attenuation coefficient at
different altitudes can be expressed by Eq. (13):

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 –

ω2
p

ω2

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 –

Nee
2

4π2ε0mf 2

s
, (12)

α ¼ ωffiffiffi
2

p
c
$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 –

ω2
p

ω2 þ V 2
m

 !2

þ Vm

ω
%

ω2
p

ω2 þ V 2
m

 !2
vuut

0
@

– 1 –
ω2
p

ω2 þ V 2
m

 ! !1=2

, (13)

where ω is the microwave angular frequency, Vm is the
collision frequency of the plasma, ωp is the plasma
frequency, e is the elementary charge, m is the electron
mass, ε0 is the vacuum permittivity, and Ne is the electron
concentration. The total attenuation of the microwave
radiation in the ionosphere can be obtained by integrating
the attenuation coefficient at different altitudes along the
entire propagation path of the microwave radiation in the
ionosphere, expressed as Eq. (14),

AttðdbÞ ¼ 8:68!
s
adS, (14)

where S is the propagation path for microwave radiation in
the ionosphere.
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4 Results and discussion

4.1 Analysis of the various factors

1) Time zone correction
The globe was divided into 36 regions based on the time

zone and latitude, and the diurnal temperature cycle model
of the LST for each region was constructed using the
parameters shown in Table 1. Then, based on the diurnal
temperature cycle model, the LST obtained at different
times (13:30 local time) was normalized to the temperature
at the same UTC. When the temperature was normalized to
12:00 (UTC) on January 1, 2005, each time zone from west
to east corresponded to 00:00 to 24:00 local time, and the
LST obtained at 13:30 local time was normalized to the
temperature from 00:00 to 24:00 local time, respectively.
Figures 3 and 4 show the distributions of global LST
before and after time zone correction. It can be seen that the
temperature variation decreased gradually from west to
east followed by a gradual increase.
In addition, a comparison of the LST after time zone

correction and the MODIS LST product was conducted to
validate the accuracy of time zone correction (Fig. 5). The
black dots correspond to the LST data fromMODIS at four
different times (10:30, 13:30, 22:30, and 1:30, local time),
and the black line represents the fitting results for LST after
time zone correction. Figure 5 shows that the two LSTs are
similar and the error is always less than 5 K at the different
study sites, indicating that the time zone correction is
reliable.
2) Relative movement of the Earth-Moon

In this study, we analyzed the coverage of Moon-based
imaging and the zenith angle distribution at different times.
Figure 6 shows the nadir position, the coverage of Moon-
based imaging, and the zenith angle distribution at UTC
04:00, 08:00, 12:00, 16:00, 20:00, and 24:00, respectively,
on January 1, 2005. The results show that the zenith angle
of the coverage for Moon-based Earth observation ranges
from 0° to 90° and the nadir is located in the position with a
zenith angle of 0°. The image acquired by a Moon-based
Earth observation platform can cover almost half of the
Earth’s surface at different times, but the imaging position
changes with the relative movement of the Earth and the
Moon. Given that the angular velocity of the Earth’s
rotation is much larger than the angular velocity of the
Moon’s revolution, the Moon moves from east to west
from the perspective of the Earth. As shown in Fig. 6, the
nadir position moves from east to west from 04:00 to
24:00, consistent with the relative movement of the Earth
and the Moon, indicating that the imaging position of the
Moon-based Earth observation also changes. In addition,
the imaging position of the Moon-based Earth observation
at UTC 04:00 on January 1, 2005 (UTC) is obtained. As
the imaging position changes from east to west over time,
the Moon-based platform can observe the entire Earth by
about UTC 16:00. Also, from 08:00 to 20:00 and also from
12:00 to 24:00, the Moon-based observation can almost
cover the whole of the Earth’s surface. Hence, it takes
about 12 h for the Moon-based platform to acquire
complete observation of the Earth.
3) The effect of the atmosphere
The effect of the atmosphere on Moon-based observa-

Fig. 3 Distribution of global LST before time zone correction.
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Fig. 4 Distribution of global LST after time zone correction.

Fig. 5 The fitting results of the LSTand MODIS LST data for the four MODIS pixels. (a) South America (b) Oceania (c) Asia and Europe (d) Africa.
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tion is dependent on atmospheric pressure, temperature,
humidity, water vapor, carbon dioxide, oxygen, viewing
zenith angle, and microwave frequency. These factors can
significantly affect the atmospheric transmittance and the
upward and downward radiation, etc. Figure 7 shows the
change of atmospheric transmittance and upward radiation
with atmospheric humidity, temperature, viewing zenith
angle and microwave frequency. As the atmospheric
humidity and temperature increase, the atmospheric
transmittance also increases. However, the atmospheric
upward radiation decreases with increase of atmospheric
humidity and temperature, and there is a positive
correlation between atmospheric upward radiation and
atmospheric temperature at a frequency of 23.8 GHz
(Figs. 7(a)–(d)). With the increase of the viewing zenith
angle, the atmospheric transmittance decreases and atmo-
spheric upward radiation increases. These parameters have
a higher and a lower growth rate, respectively, with an
increase of the viewing zenith angle (Figs. 7(e) and 7(f)).
There is a nonlinear relationship between frequency and
atmospheric transmittance as well as for upward radiation
(Figs. 7(g) and 7(h)). When the frequency is about 25 GHz
and 60 GHz, the atmospheric transmittance has a much

lower value, and the atmospheric upward radiation reaches
a high value.
4) Effect of the ionosphere
The effect of the ionosphere on microwave transmission

was analyzed from several aspects, such as collision
frequency, microwave frequency, and angle of incidence.
Figure 8(a) shows the relationship between the attenuation
of microwave energy and collision frequency for micro-
wave transmission in the ionosphere. When the collision
frequency is from 1 MHz to 1000 MHz, the attenuation
slowly increases, and the low-frequency microwave
radiation has a higher growth rate than the high-frequency
microwave radiation with increase of collision frequency.
Figure 8(b) shows the change in attenuation with
microwave frequency in the ionosphere at different angles
of incidence. As the frequency increases, the attenuation of
the microwave energy in the ionosphere slowly decreases;
when the frequency is constant, the attenuation of the
microwave energy increases with increase in angle of
incidence. Figure 9 shows a comparison of the simulated
brightness temperatures which are, and are not, influenced
by the ionosphere. The results indicate that the ionosphere
has a large effect on the brightness temperatures at low

Fig. 6 The Moon-based imaging coverage and zenith angle distribution at different times on January 1, 2005.
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Fig. 7 The change of atmospheric transmittance and upward radiation with atmospheric humidity, temperature, viewing zenith angle,
and frequency.
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frequency and that the effect decreases with increase of
frequency. The average values of change for the brightness
temperatures were 3.78 K, 2.12 K, 1.33 K, 1.17 K, 1.01 K,
and 0.88 K at frequencies of 6.9, 10.7, 18.7, 23.8, 36.5, and
89.0 GHz, respectively.

4.2 Simulation of Moon-based microwave radiation
brightness temperatures

In this section, focus is given to Moon-based microwave
radiation image simulation. The basic data used for image
simulation have a spatial resolution of 5.6 km (0.05
degree), while the simulated data at different frequencies
have different spatial resolutions. Given the analysis of
spatial resolution requires the design of a Moon-based
sensor hardware system, this aspect is not considered in
this discussion.
Considering the requirements for a Moon-based Earth

observation platform, the antenna aperture for a Moon-
based microwave radiometer was set to 22 m, with the
simulation results judged as realistic for this aperture size.
Consideration was also given as to the influence of various
other factors, including time zone correction, relative
movement of the Earth-Moon, atmospheric radiative
transfer, and the effect of the ionosphere. The Moon-
based microwave brightness temperature images based on
operating frequencies of 6.9, 10.7, 18.7, 23.8, 36.5, and
89.0 GHz, respectively, at UTC 08:00 and 12:00 on
January 1, 2005 were then simulated using the spaceborne
temperature data (Figs. 10 and 11). From these figures, it
can be seen that the brightness temperatures on the

simulated images gradually increase with increase of
frequency.
The study areas, located in North America, South

America, Africa, Asia, Europe, Oceania and Antarctica
were selected for error analysis of the imaging simulations.
The brightness temperature data acquired by the AMSR-E
microwave radiometer were used to validate the simulated
images. Figure 12 reveals the differences of the two
brightness temperature data sets for the different study
areas. The results show that the Moon-based Earth
observation platform acquires lower brightness tempera-
tures than the satellite platform, and the change in
brightness temperatures for the land surface is less than
that of the sea surface with an increase in frequency. When
the frequency is greater than 89.0 GHz, the brightness
temperatures for Moon-based observation are similar to the
spaceborne observation. Figure 13 shows the root mean
square error (RMSE) of the simulation results at the
different sites and where the land surface RMSE ranges
from 0 K to 2 K. The accuracy is higher in the low latitude
area than in the high latitude area.
The comparison of the errors for the LST and the SST is

shown in Table 2. Note that the land surface is more
complex than the sea surface, hence the diurnal variation in
the LST is much higher than that for the SST. The
brightness temperatures for the Moon-based simulation on
the land surface have larger errors than that for the sea
surface. The average error is 6.32 K for the land surface
and 2.70 K for the sea surface, while the relative error for
land is 3.59% and 1.13% for the sea and the RMSE is
1.72 K for the land and 0.73 K for the sea. These results

Fig. 8 (a) The change in attenuation of microwave energy with collision frequency in the ionosphere. (b) The change of attenuation of
microwave energy with microwave frequency in the ionosphere.
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indicate that the brightness temperatures for Moon-based
microwave image simulation are reliable due to the high
accuracy of the simulation.

5 Conclusions

Several factors were found to influence the Moon-based

microwave radiation image simulation, including the time
zone correction, the relative movement of the Earth-Moon,
atmospheric radiative transfer, and the effect of the
ionosphere. The following conclusions are made. 1)
Time zone correction ensures that the images from
Moon-based Earth observation may be acquired at the
same UTC. The LST may be corrected using the diurnal
temperature cycle and the SST does not need to be

Fig. 9 Comparison of the effect of the ionosphere on Moon-based microwave radiation brightness temperatures at different frequencies.
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corrected. 2) The relative movement of the Earth-Moon
influences the nadir position and the position for Moon-
based imaging. The nadir position moves from east to west
over time, consistent with the changes of imaging position
for Moon-based Earth observation. The zenith angle of the
coverage for Moon-based Earth observation ranges from
0° to 90°, such that the Moon-based platform takes about
12 h to measure a complete observation of the Earth. 3)
The atmospheric effects are related to atmospheric
pressure, temperature, humidity, water vapor, carbon
dioxide, oxygen, viewing zenith angle, and microwave
frequency. These factors have an effect on the atmospheric
transmittance as well as upward and downward propaga-
tion of radiation. With an increase in atmospheric humidity
and temperature, and a decrease in the viewing zenith
angle, the atmospheric transmittance increases and the
atmospheric upward radiation decreases. 4) The iono-
sphere attenuation is related to collision frequency,
microwave frequency, and viewing zenith angle. As the
collision frequency increases, the attenuation of micro-
wave energy slowly increases, and the low-frequency
microwave radiation has a higher growth rate than the
high-frequency microwave radiation with an increase of

collision frequency. With the increase in microwave
frequency, the attenuation decreases rapidly, but
increases with the increase of the viewing zenith
angle.
After examination of the various factors, the images for

Moon-based microwave brightness temperature were
simulated. The brightness temperature data acquired by
the AMSR-E microwave radiometer were used to validate
the simulated images for the Moon-based microwave
radiation brightness temperatures. The results showed that
the Moon-based Earth observation platform provided
lower brightness temperatures than that of the satellite
platform, and the brightness temperatures for the land
surface changes were less than that for the sea surface with
increase of frequency. Moreover, the RMSE of the
simulated data was less than 2 K, indicating that the
method used in this study is viable and may be used to
simulate images of Moon-based microwave brightness
temperatures.
In the context of Moon-based Earth observation,

microwave radiation image simulation may be used to
support studies aimed at better understanding the features
of Moon-based microwave radiation imaging and checking

Fig. 10 The images for simulation of the Moon-based microwave radiation brightness temperatures at UTC 08:00 on January 1, 2005.
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the quality of the microwave measurements. Moreover,
this research may serve as a basis for the Moon-based
system design. Future work on microwave radiation image

simulation will be directed at devising more efficient
methods for image simulation including investigation of
other performance parameters.

Fig. 11 The images for simulation of the Moon-based microwave radiation brightness temperatures at UTC 12:00 on January 1, 2005.

Fig. 12 The comparison of the brightness temperatures for the
Moon-based simulation and the AMSR-E microwave radiometer.

Fig. 13 The root mean square error (RMSE) of the Moon-based
simulation images for the different continents.
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