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A Physical-Based Algorithm for Retrieving
Land Surface Temperature From Moon-Based
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Abstract—Land surface temperature (LST) is a key parameter
and plays an important role in hydrology, ecology, environment,
and biogeochemistry. It is difficult for the existing satellites to
acquire global LST with spatial and temporal consistency. The
Moon-based Earth observation platform with a long life, large
coverage can observe continuously the Earth, and obtain the global-
scale LST. At present, various approaches for retrieving LST from
passive microwave remote sensing data have been developed for
the satellite remote sensing data with small and constant viewing
zenith angle, however, the Moon-based Earth observation platform
located outside the Earth’s ionosphere has the viewing zenith angle
of 0–90°. In this study, a modified physical-based method of LST
retrieval from passive microwave data was developed for wide view-
ing zenith angles, and the LST and emissivity can be simultaneously
estimated through the analysis of various atmospheric and iono-
sphere parameters. Three types of data, including the FengYun-3B
satellite microwave radiation imager data, the multichannel Ad-
vanced Microwave Scanning Radiometer data, and Moon-based
microwave radiation simulation data with the viewing zenith angles
of 52–53°, 55°, and 0–90°, respectively, were used to retrieve LST.
Results show that the estimation accuracy of LST decreases with the
increase of viewing zenith angle. The 23.8 and 36.5 GHz brightness
temperature is optimum for the LST estimation under a large-scale
viewing zenith angle, and the root mean square errors of the LST
are 5.18, 5.44, and 4.79 K, respectively.

Index Terms—Atmospheric downward radiation, atmospheric
transmittance, land surface temperature, LST retrieval, Moon-
based Earth observation, the ionosphere.

I. INTRODUCTION

LAND surface temperature is a key parameter in surface
heat flux budget and plays an integral role in climate, hy-

drology, Earth biochemistry, etc. Moreover, it has wide potential
applications in agriculture and economy [1], such as crop water
requirements assessment, frost damage area evaluation, forest
fire detection, and geothermal locations discrimination. With
the development of Earth observation technology, the remote
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sensing technology has become an important tool for rapid es-
timation of LST. However, the existing satellites cannot acquire
Earth observation data on a global scale due to a low orbital
altitude and limited field of view [2]. Thus, the acquisition of
global land surface temperature with spatial and temporal con-
sistency is difficult through the present algorithm and satellite
data. Since the 21st century, the Moon-based Earth observation is
gradually paid more attention due to its advantages such as long
platform life, large coverage and continuous Earth observation
[3]–[5]. The Moon is a natural satellite of the Earth, various
sensors placed on it could make comprehensive, continuous,
and long-term observations of the Earth. Hence the Moon-based
Earth observation platform provide a convenient for estimating
the LST at global scale.

The previous studies proposed many methods for estimating
LST from passive microwave remote sensing data, which are
mainly divided into the statistical-based and physical-based
retrieval algorithms. The statistical-based retrieval algorithm is
widely used due to the simple arithmetic and easy operation.
McFarland et al. presented that the scattering and absorption
of water vapor, cloud particles and rain have little effect on the
low-frequency microwave in the atmosphere [6]. The SSM/I
brightness temperature at 37 GHz is optimum for retrieving
LST, and the brightness temperature difference between 37 and
19 GHz can be used to correct of the brightness temperature
decrease caused by surface water, and water vapor absorption
has a large effect on the brightness temperature at 22 and
37 GHz. Holmes et al. [7] and Alain et al. [8] found that
37 GHz brightness temperature from SMMR and SSM/I can
obtain higher estimation accuracy of LST. Based on MODIS
LST products, Mao et al. analyzed the characteristic of each
channels of AMSR-E data, and chose the effective channel to
retrieve LST with the multiple linear regression method [9], [10].
The physical-based retrieval algorithm is based on the radiative
transfer equation and usually combines some assumptions and
simplifications to derive LST. For example, Gao et al. developed
an algorithm to retrieve LST over the Amazonian forest [11].
The algorithm established the relationships between polariza-
tion ratio and surface emissivity for forested and non-forested
areas, the LST thus can solely be calculated from microwave
radiance. Basist et al. developed a LST retrieval algorithm using
SSM/I data [12], which adjusted the temperature for variations
in surface emissivity. Fily et al. found a linear relationship
between microwave (19 and 37 GHz) surface emissivity at
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horizontal and vertical polarizations over snow and ice-free
areas and proposed a LST estimation algorithm neglecting the
cosmic space radiation [13]. Weng and Grody proposed a LST
retrieval algorithm of two adjacent channels [14]. The algorithm
assumed the microwave emissivity of two adjacent frequencies
(19.35 GHz and 22.23 GHz) are equal and the brightness tem-
perature difference of two channels is caused by atmospheric
effects, then the LST is obtained by Newton iterative processing.

Considering the characteristics of the Moon-based Earth ob-
servation platform, several issues must be paid attention when
the existing LST retrieval algorithms from microwave remote
sensing are directly applied to the Moon-based platform: 1) The
statistical-based retrieval algorithm lacks physical significance
and the physical-based retrieval algorithm introduces some as-
sumptions or simplifications due to the complex atmospheric
radiative transfer, and caused the low inversion precision of
LST. 2) The existing LST retrieval algorithms were developed
for spaceborne microwave remote sensing data with small and
constant zenith angle, while the Moon-based image has the
zenith angle of 0–90°. 3) The existing retrieval algorithm ne-
glects the ionosphere due to the low orbital of satellite, while
the Moon-based is located outside the Earth’ ionosphere and the
effect of ionosphere need to be considered. Therefore, a modified
physical-based algorithm need be developed to retrieve LST
from microwave remote sensing data based on the Moon-based
earth observation platform.

II. DATA

A. Remote Sensing Data

Three brightness temperature data from the microwave radi-
ation imager (MWRI), the multichannel Advanced Microwave
Scanning Radiometer (AMSR-E), and Moon-based microwave
radiation simulation were used to retrieve LST and evaluate the
accuracy of the physical-based retrieval algorithm.

The MWRI aboard FengYun-3B satellite (FY3B) has five
frequencies at 10.65, 18.7, 23.8, 36.5, and 89 GHz, and each
frequency has dual channels at vertical and horizontal polar-
ization, respectively. The viewing zenith angle of MWRI data
is 52–53°, while its L1 brightness temperature products since
October 2013 can be downloaded from the National Satellite
Meteorological Center (NSMC) of China Meteorological Ad-
ministration (CMA). Thus, the MWRI data on January 1–2, 2018
was selected for this study.

The AMSR-E is a conically scanning total power passive
microwave radiometer sensing microwave radiation (brightness
temperatures) at 12 channels and 6 frequencies ranging from
6.9 to 89.0 GHz. Horizontally and vertically polarized radiation
is measured separately at each frequency with the viewing
zenith angle of 55°. The AMSR-E daily brightness temperature
products with a 0.25° spatial resolution on January 1-9, 2005 is
provided by the National Snow and Ice Data Center (NSIDC).

The Moon-based microwave radiation data was obtained by
microwave imaging simulation. At present, the research on
moon-based Earth observation is still in the stage of theoreti-
cal analysis without actual available data. Theoretically, each
image acquired at some moment (Coordinated Universal Time:

UTC) by a Moon-based platform can cover almost half of the
Earth’s surface, spanning 12 time zones. The imaging position
of the Moon-based Earth observation changes with the relative
movement of the Earth and the Moon. Based on the perfor-
mance analysis of the Moon-based Earth observation platform,
several factors affecting the moon-based microwave radiation
imaging, including time zone correction, Earth-Moon relative
movement, atmospheric radiative transfer and ionospheric ef-
fect, were analyzed and a method for simulating the moon-
based microwave brightness temperature images was developed.
Firstly, the JNG06 land-surface diurnal temperature cycle model
was applied to obtain the global surface temperatures at the
same coordinated universal time using spaceborne LST and sea
surface temperature products. Then the Jet Propulsion Labora-
tory (JPL) ephemeris data was used to simulate the coverage of
Moon-based imaging and the zenith angle distribution. Finally,
the Moon-based microwave radiation brightness temperature
images was obtained based on the estimation of the atmospheric
radiative transfer and analysis of the ionosphere effect. The de-
tails of Moon-based microwave radiation simulation can see the
reference [15]. The Moon-based microwave radiation simulation
data used in this study operates six frequencies, including 6.9,
10.8, 18.7, 23.8, 36.5, and 89.0 GHz, and each frequency have
horizontal and vertical polarization modes with the zenith angle
of 0–90°. The image time was selected on January 1, 2005.

B. LST In Situ Measurements

U.S. Climate Reference Network (USCRN) is a nationwide
network which can provide continuous and high-quality data
of ground surface temperature [16]. The network consists of
approximately 300 stations across the continental United States,
Alaska, and Hawaii. The network provided thermal infrared
LST at different time in hours, days, and months since 2002.
In this article, the USCRN LST data consistent with the remote
sensing data was used as the real surface temperature to verify
the LST derived from three kinds of brightness temperature,
e.g., the MWRI brightness temperature, the AMSR-E brightness
temperature, and Moon-based microwave radiation simulations.
Then several parameters such as the average error, the root
mean square error (RMSE), and temperature variation range are
selected to validate the accuracy of estimation results.

III. METHODS

A. The Moon-Based LST Retrieval Algorithm

The basis of LST retrieval from passive microwave data is
the surface heat radiation conduction which is described by the
microwave radiation transfer equation. It can be found that the
total radiation intensity received by the Moon-based microwave
radiometer include not only the microwave radiation from the
Earth’s surface, but also the atmospheric upward and downward
radiations. Due to the attenuation caused by the atmosphere and
the ionosphere, the radiation energy of microwave reduced dur-
ing the process of reaching the Moon-based platform. Therefore,
the LST estimation from microwave remote sensing data is actu-
ally a complicated problem. Based on the atmospheric radiation
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transmission theory and microwave propagation in the iono-
sphere [6]–[14], [17]–[19], the total radiant energy received by a
Moon-based microwave radiometer comprises three sections: 1)
microwave radiation of the Earth’s surface after the attenuation
of atmosphere and ionosphere; 2) The atmospheric downward,
firstly reflected by the Earth’s surface and then attenuated by
the atmosphere and ionosphere; 3) The atmospheric upward
radiation attenuated by ionosphere. Consequently, the general
radiance transfer equation for microwave can be expressed as
[20], [21]

Bf (Tf ) = [τf (θ) εpBf (Ts) + τf (θ) (1− εp)Bf

(
T ↓
a

)

+Bf

(
T ↑
a

)
] · ϕ (f, θ) (1)

where Tf is the brightness temperature in frequency of f , τf(θ)
is the atmospheric transmittance at the viewing zenith angle
of θ, εp is the surface emissivity for the polarization p, TS is
the LST, Ta is the average atmospheric temperature. Bf (Ts) is
the microwave radiation of the Earth’s surface, Bf (T

↓
a) is the

downwelling path radiance, Bf (T
↑
a) is the upwelling path radi-

ance, and ϕ(f, θ) is the attenuation of microwave energy in the
ionosphere. Bf (T ) is the Planck function, which describes the
relationship between the emissivity of electromagnetic radiation
emitted from a blackbody and the frequency of electromagnetic
radiation of any temperature. The Planck function is given by

Bf (Ti) =
2hf3

c
(
ehf/kT − 1

) (2)

where Bf (Ti) is the blackbody spectral brightness with the unit
of W ·m−2 · sr−1 ·Hz−1, h is the Planck constant with the
value of 6.63× 10−34J , f is the frequency, k is the Boltz-
mann constant with the value of 1.38× 10−23J ·K−1, c is
velocity of light with the value of 2.992× 108 ms−1, T is the
absolute temperature in Kelvin. Based on the Rayleigh-Jeans
approximation in the microwave band, (2) can be simplified as

Bf (Ti) =
2kT

λ2
(3)

Therefore, (1) can be expressed as

TB,P = [τf (θ) · εp · TS + τf (θ) · (1− εp)

· Tatm↓ + Tatm↑] · ϕ (f, θ) (4)

where TB,P is the brightness temperature, τf (θ) is the at-
mospheric transmittance, and εp is the surface emissivity for
the polarization p, Tatm↑ is the atmospheric upward radiation,
Tatm↓ is the atmospheric downward radiation, ϕ(f, θ) is the
attenuation of microwave energy in the ionosphere.

From the moon-based radiation transfer equation of single
channel, there are at least two unknown parameters, such as the
LST and the surface emissivity, and the effect of atmosphere and
ionosphere need to be resolved. In addition, another parameter
will increase even if one more channel is added. The theoretical
expression of Moon-based brightness temperature in horizontal
and vertical polarization (TB,h/TB,v) can be obtain with three
unknown parameters, such as LST and horizontal and vertical
microwave surface emissivity. Since the number of unknown
parameters is more than the number of equations, it is necessary

Fig. 1. The relationship between the horizontal and vertical microwave
emissivity at different frequency. (a) 6.9 GHz. (b) 10.8 GHz. (c) 18.7 GHz.
(d) 23.8 GHz. (e) 36.5 GHz. (f) 89.0 GHz.

to resolve the microwave surface emissivity in order to estimate
the LST. Royer and Poirier found an empirical linear relation-
ship between the surface emissivity of horizontal and vertical
polarization [8]

εv = a ∗ εh + b (5)

where εv/h is the surface emissivity of vertical and horizontal
polarization, a and b are the coefficients and offsets of the
relationship between the vertical and horizontal emissivity. They
are derived by the radiation transfer equation at large-scale
Moon-based Earth observation, which is expressed as (6).

εp =
TBT − Tatm_up − Tatm_down · γ

γ · (T0 − Tatm_down)
(6)

where TBT is brightness temperature, T0 is LST, Tatm_up is at-
mospheric downward radiation, Tatm_up is atmospheric upward
radiation, γ is atmospheric transmittance.

In this study, the microwave brightness temperature data,
thermal infrared temperature data and atmospheric profile data
from satellites were used to evaluate the value of horizontal and
vertical microwave emissivity at 6.9, 10.8, 18.7, 23.8, 36.5, and
89.0 GHz [22]. Then a regression analysis between horizontal
and vertical microwave emissivity was developed to obtain the
correlation coefficientR2 and the expression, as shown in Fig. 1.
The coefficients and offsets (a and b) can be obtained from the
expression, such as the coefficients for 6.9, 10.8, 18.7, 23.8,
36.5, and 89.0 GHz is 0.505, 0.551, 0.608, 0.639, 0.716, and
0.869, and the offsets is 0.504, 0.455, 0.393, 0.366, 0.287, and
0.143, respectively. In addition, the correlation coefficient R2 at
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6.9, 10.8, 18.7, 23.8, 36.5, and 89.0 GHz is 0.772, 0.773, 0.806,
0.853, 0.854, and 0.952. Results show that the linear correlation
coefficient between horizontal and vertical microwave emissiv-
ity for different frequencies are between 0.77 and 1.0, so that
the significant linear correlation of the surface emissivity can be
used for LST estimation.

Using on the relationship between the horizontal and verti-
cal microwave emissivity and the theoretical model of Moon-
based microwave radiation brightness temperature, the LST
and horizontal as well as vertical microwave emissivity can be
simultaneously obtained through the analysis of atmospheric
transmittance, atmospheric upward and downward radiations,
and the attenuation of microwave energy in the ionosphere and
viewing zenith angle. The LST and microwave emissivity can
be expressed as (7)–(9) shown at the bottom of this page.

Based on the brightness temperature of each microwave fre-
quency at vertical and horizontal polarization, the LST can be
estimated. In this study, five frequencies from FY3B MWRI,
six frequencies from AMSR-E, and six frequencies from Moon-
based microwave radiation simulations are used to estimate the
LST, respectively.

B. The Parameters Estimation

In order to retrieve the LST using the Moon-based LST re-
trieval algorithm, we need to estimate these parameters, includ-
ing microwave atmospheric transmittance, atmospheric upward
and downward radiations, and the attenuation of microwave
energy caused by ionosphere.

1) The Atmospheric Attenuation of Microwave: The atmo-
spheric attenuation of microwave is mainly related to the ab-
sorption and scattering of oxygen and water vapor. Since the
molecules of oxygen and water vapor in the atmosphere are much
smaller than microwaves, the scattering from the molecules of
oxygen and water vapor can be ignored. Thus, the atmospheric
attenuation of microwave is mainly caused by the absorption
from the molecules of oxygen and water vapor [23], [24]. In this
study, we applied the method in the International Telecommu-
nication Union Radio communication sector (ITU-R) P Series
P.676-8 recommendation [25] to calculate the atmospheric atten-
uation by accumulating the respective resonant lines of oxygen
and water vapor. The atmospheric attenuation of microwave is
given by

γ = γo + γw = 0.1820fN ′′ (f) (10)

whereγo andγw is the atmospheric attenuation of microwave un-
der dry air (oxygen, pressure-induced nitrogen and non-resonant

Fig. 2. Microwave atmospheric attenuation contributed from the oxygen and
the water vapor.

Debye attenuation) and water vapor conditions, f is the fre-
quency,N ′′(f) is the imaginary part of the frequency-dependent
complex refractivity

N ′′ (f) =
∑

i

SiFi +N ′′
D (f) (11)

where Si is strength of the i-th line, Fi is the line shape factor
and the sum extends over all the lines (for the frequencies above
118.75 GHz, only the oxygen lines above 60 GHz should be
included in the summation) and N

′′
D(f) is the dry continuum

due to pressure-induced nitrogen absorption and the Debye
spectrum. The Si for oxygen and water vapor can be expressed
as (12) and (13)

Sio = a1 × 10−7 · p · θ3 · exp [a2 · (1− θ)] (12)

Siw = b1 × 10−1 · e · θ3.5 · exp [b2 · (1− θ)] (13)

where p is dry air pressure, e is the water vapor partial pressure,
θ is 300/T and T is the temperature (in K). a1 and a2 is the
attenuation coefficients in oxygen, b1 and b2 is the attenuation
coefficients in water vapor.

Fig. 2 shows the atmospheric attenuation from the oxygen
and the water vapor with the frequency of 0–1000 GHz, and
multiple water vapor and eight oxygen absorption peaks and are
presented from 0 to 1000 GHz.

2) Atmospheric Transmittance, Upward and Downward Ra-
diations: The atmospheric transmittance is the ratio of the elec-
tromagnetic radiation flux after atmospheric attenuation to the

TS =
TB,V − a · TB,H − [τf (θ) · (1− a− b) · Tatm↓ + (1− a) · Tatm↑] · ϕ (f, θ)

τf (θ) · b · ϕ (f, θ)
(7)

εh =
b · [TB,h − (τf (θ) · Tatm↓ + Tatm↑) · ϕ (f, θ) ]

TB,V − a · TB,H − [τf(θ) (1− a− b) · Tatm↓ + (1− a) · Tatm↑
] · ϕ (f, θ)

(8)

εh =
b · [TB,h − (τf (θ) · Tatm↓ + Tatm↑) · ϕ (f, θ) ]

TB,V − a · TB,H − [τf (θ) (1− a− b) · Tatm↓ + (1− a) · Tatm↑] · ϕ (f, θ)
(9)
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incident electromagnetic radiation flux. It is an important factor
affecting the microwave radiative transfer. The atmospheric
transmittance over a certain area is greatly affected by weather
conditions. In a short time, the variation of meteorological
parameters, e.g., the atmospheric pressure, humidity, and gas
density, lead to a large change of the transmittance [26]–[32]. In
microwave bands, its theoretical formula can be expressed as

τf (θ) = exp

(
−
∫ ∞

0

ke (z) · sec θ dz (14)

where z is the height, ke(z) is atmospheric attenuation coeffi-
cient, and θ is the viewing zenith angle.

From (14), the atmospheric transmittance depends on the at-
mospheric attenuation and the viewing zenith angle. Each image
from the Moon-based Earth observation with the zenith angle
of 0–90° has variable value of the atmospheric transmittance
within the coverage of Moon-based imaging, but the atmo-
spheric transmittance of satellite image is considered a constant.
Therefore, the variable atmospheric transmittance can influence
the accuracy of the physical-based retrieval algorithm for land
surface temperature from Moon-based Earth observation.

The theoretical formula for the radiative transfer equation of
atmospheric upward and downward radiations without rainfall
can be expressed as [33]–[42]

Tatm↓ =
∫ ∞

0

T (z) · ke (z) · sec θ · exp
(
−
∫ z

0

ke (z
′)

· sec θdz′
)
dz (15)

Tatm↑ =
∫ ∞

0

T (z) · ke (z) · sec θ

· exp
(
−
∫ ∞

z

ke (z
′) · sec θ dz′

)
dz. (16)

with,

τ (0, z) = exp

(
−
∫ z

0

ke (z
′) · sec θ dz′

)
(17)

τ (z,∞) = exp

(
−
∫ ∞

z

ke (z
′) · sec θ dz′

)
(18)

where T (z) is the air temperature, ke(z) is the atmospheric
attenuation, τ(s, s′) the atmospheric optical thickness, and θ
is the zenith angle.

The atmospheric upward and downward radiations are related
to atmospheric temperature, attenuation, and optical thickness,
and will affect the performance of the physical-based retrieval
algorithm. The atmospheric temperature is related to the altitude.
When the elevation is below 10 km, the atmospheric tempera-
ture decreases by about 6.5 °C as the altitude increases by 1
km. Furthermore, the atmospheric temperature remains stable
when the elevation is between 10 and 20 km. The atmospheric
attenuation depends on the concentration of oxygen and water
vapor, and changes with the altitude.

3) Ionospheric Attenuation Effect: The ionosphere extends
from about 90 km above the ground to the upper atmosphere
of the Earth at an altitude of 1000 km. There are quite a lot of

free electrons and ions in the ionosphere, which can change the
propagation speed of microwave and cause refraction, reflection,
and scattering. These electrons and ions will also cause the
attenuation of incident microwave radiation energy due to their
collisions in the ionosphere [43]–[48]. Due to the complex
nature of the ionosphere, the microwave energy has different
attenuation effects at different altitudes of the ionosphere with
the change of electron concentration. The attenuation coefficient
α at any altitude can be expressed as

α =
ω√
2c

·
⎛

⎝

√(
1− ω2

p

ω2 + v2m

)2

+

(
vm
ω

· ω2
p

ω2 + v2m

)2

−
(

1− ω2
p

ω2 + v2m

))1/2

(19)

with,

ωp = e (mε0)
−1/2N1/2

e (20)

where ω is the angular frequency of microwave, vm is the
electron collision frequency, ωp is the plasma frequency, e is the
elementary charge, m is the electron mass, ε0 is the permittivity
of vacuum, Ne is the electron concentration. It is described by
an empirical model for the vertical distribution of the electron
concentration in the ionosphere.

The total attenuation of microwave energy in the ionosphere
can be obtained by integrating the attenuation coefficientα along
the propagation path of the microwave in the ionosphere. The
total attenuation can be expressed as

Att(db) = 8.68

∫

s

αds (21)

where s is the propagation path of microwave in the ionosphere.

IV. RESULTS AND DISCUSSION

A. Results of the Parameters Estimation

Since about 75% air and more than 90% water vapor exists
in the range of 10 km above the Earth surface, the atmospheric
absorption attenuation is gradually decreasing until it is close
to zero with the increase of height [49]. In this study, the
atmosphere within 20 km above the Earth’s surface is divided
into 40 layers in the vertical direction, with 0.5 km per layer.
Based on this, the atmospheric attenuation and optical thickness
of each layer can be calculated. Then the microwave atmospheric
transmittance, atmospheric upward and downward radiations for
Moon-based Earth observation can be obtained based on the
theoretical expression.

Fig. 3 shows the change of the atmospheric transmittance
for Moon-based Earth observation. From this figure, the atmo-
spheric transmittance is related to the atmospheric humidity, the
air temperature, the viewing zenith angle, and the frequency.
With the increase of the atmospheric humidity, the atmospheric
transmittance gradually increases up to 1 [Fig. 3(a)]. When the
atmospheric humidity is zero, the atmospheric transmittances of
six frequencies, i.e., 6.9, 10.8, 18.7, 23.8, 36.5, and 89.0 GHz,
are different and the smallest is about 0.74 at 89.0 GHz. As the
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Fig. 3. The change of atmospheric transmittance for Moon-based Earth obser-
vation with four factors. (a) The atmospheric humidity. (b) The air temperature.
(c) The viewing zenith angle. (d) The frequency.

air temperature increases from 200 K to 300 K, the atmospheric
transmittance grows slowly except that the 89.0 GHz has a higher
grow rate [Fig. 3(b)]. Since there is a strong atmospheric attenu-
ation at 89.0 GHz, mainly the absorption of water vapor, and the
air temperature is an essential parameter in the calculation of
atmospheric attenuation. Hence the change of air temperature
has a large effect on the 89.0 GHz, and the radiation energy
received by the Moon-based microwave radiometer decreased
rapidly with the increase of air temperature. There is a negative
correlation between the atmospheric transmittance and the view-
ing zenith angle, and the atmospheric transmittance decreases
gradually with the increasing zenith angle [Fig. 3(c)]. When
the zenith angle is less than 50°, the atmospheric transmittance
changes slowly, and the atmospheric transmittance for 6.9, 10.8,
18.7, 23.8, 36.5, and 89.0 GHz are about 0.98, 0.98, 0.95, 0.90,
0.92, and 0.80, respectively. When the zenith angle is greater
than 50°, the atmospheric transmittance is greatly affected by the
zenith angle, and decreases rapidly with the increase of the zenith
angle. There is a nonlinear relationship between frequency and
atmospheric transmittance [Fig. 3(d)]. When the frequency is
between 0 and 50 GHz, as well as 70 to 100 GHz, it has a bigger
atmospheric transmittance than other frequencies, indicating
that these frequencies are suitable for Earth observation. While
the atmospheric transmittance decreases rapidly up to 0, then
increase with the frequency of 50–70 GHz.

Based on (15)–(18), the atmospheric upward and downward
radiations for the Moon-based Earth observation can be obtained
(Fig. 4). Results show that the atmospheric upward and down-
ward radiations have an obviously positive correlation with the
viewing zenith angle. When the viewing zenith angle is less
than 40°, the atmospheric radiations vary slowly. When the
viewing zenith angle is greater than 40°, it has a significant

Fig. 4. The atmospheric upward and downward radiations for the Moon-based
Earth observation. (a) The atmospheric downward radiation. (b) The atmospheric
upward radiation. (c) The comparison of the atmospheric upward and downward
radiations for the Moon-based Earth observation. “tad” and “tau” represent the
atmospheric downward and upward radiations.

Fig. 5. The energy attenuation in the ionosphere with frequency and the
viewing zenith angle. (a) The frequency. (b) The viewing zenith angle.

effect on the atmospheric radiations. Moreover, the atmospheric
upward and downward radiations are both related with the
microwave frequency. From the figure, the atmospheric down-
ward radiation is slightly larger than the atmospheric upward
radiation, but the difference of the two radiations increases with
the increase of microwave frequency and the viewing zenith
angle.

The attenuation of microwave energy in the ionosphere de-
pends on the microwave frequency and the viewing zenith angle
(Fig. 5). As the frequency increases from 0 GHz to 40 GHz, the
effect of the ionosphere on microwave transmission gradually
decreases [Fig. 5(a)]. The frequency change of less than 25 GHz
has a great effect on the attenuation of microwave energy. When
the frequency is greater than 25 GHz, the attenuation of the
microwave energy in the ionosphere slowly decreases with the
increase of frequency. In addition, the viewing zenith angle
is a significant factor of the energy attenuation of microwave



1862 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 13, 2020

Fig. 6. The LST estimation based on Moon-based microwave radiation
simulated data on January 1, 2005.

propagation in the ionosphere [Fig. 5(b)]. The attenuation of
microwave energy increases with the increase of the propaga-
tion path of microwave in the ionosphere, which has positive
correlation with the zenith angle. Thus, the microwave at large
viewing zenith angle has stronger energy attenuation than the
small zenith angle. Above all, the attenuation of microwave
energy in the ionosphere depends on the viewing zenith angle
and the frequency, and increases with the increasing viewing
zenith angle and the decreasing frequency.

B. The LST Estimation

Based on the parameter analysis of the Moon-based LST
retrieval algorithm from the passive microwave data, the Moon-
based microwave radiation simulation data, AMSR-E data, and
FY-3B MWRI data with the zenith angle of 0–90°, 55°, and
52–53°, respectively, were used to estimate LST (Figs. 6–8).
In the inversion process, the parameters can be simplified for
AMSR-E data, and FY-3B MWRI data due to its small and
constant viewing zenith angle.

Fig. 6 shows the LST estimation results of Moon-based mi-
crowave radiation simulated data on January 1, 2005. From the
figure, it can be seen that the temperature in Mexico is higher
than in Canada and the United States, about 270–290 K. This
is because that the east, west, and south are surrounded by the
Madre Mountains and the central part is the Mexican Plateau,
causing higher temperature in Mexican than the plain. In the
United States, the southern and eastern regions have significantly
higher temperature than the north region. The eastern Canada
region has slightly lower temperature compared with the central
and southern regions. Fig. 7 shows the LST estimation based
on AMSR-E data on January 9, 2005. Compared with the
estimation of the Moon-based microwave LST on January 1,
2005, the temperature in the central and northern regions of the
United States has a slight increase. It is caused by local weather

Fig. 7. The LST estimation based on AMSR-E data on January 9, 2005.

Fig. 8. The LST estimation based on FY-3B MWRI data on January 1, 2018.

changes and temperature inversion errors. Fig. 8 shows the LST
estimation of the FY-3B MWRI data on January 1, 2018. It
can be seen that the LST in northeastern Canada region has
increased a lot relative to 2005 (Figs. 6–8), and the LST in the
southern coastal areas of Mexico has partially decreased. The
phenomenon is related to local climate change. From Fig. 8,
the lake areas, such as Lake Superior, Lake Michigan, Lake
Huron, Lake Erie, and Lake Ontario, have large retrieval errors.
The reason is that the Moon-based LST retrieval algorithm was
developed for land surface, and all parameters of this algorithm,
including microwave atmospheric transmittance, atmospheric
upward and downward radiations, the attenuation of microwave
energy caused by ionosphere, the coefficients and offsets of
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Fig. 9. Accuracy analysis of LST estimation from Moon-based earth observation at: (a) the zenith angle of 0–30°; (b) the zenith angle of 30–40°; (c) the zenith
angle of 40–50°; (d) the zenith angle of 50–60°; (e) the zenith angle of 60–70°; (f) the zenith angle of 70–90°.

the relationship between the vertical and horizontal emissivity,
were estimated based on the land surface features. However,
the radiation characteristics have different performances in land
and water surfaces, so the LST estimates using the Moon-based
LST retrieval algorithm have higher accuracy than the water
surface temperature estimates, indicating that the retrieval algo-
rithm is not suitable for estimating the temperature from water
surface.

C. Evaluation of LST Estimation Results

In this study, the measured LST data from the USCRN
consistent with the inversion result are used to evaluate the
LST derived from FY-3B MWRI, AMSR-E brightness temper-
ature data, and the simulated Moon-based microwave radiation
brightness temperature data, respectively. Then the evaluation
indicators such as the average error, the RMSE, and the diurnal
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Fig. 10. The change of LST estimation errors with the zenith angle.

Fig. 11. The LST estimation error from Moon-based microwave radiation
brightness temperature data, FY3B MWRI brightness temperature data and
AMSR-E data with the same viewing zenith angle.

TABLE I
THE LST ESTIMATION ERROR FROM FY3B MWRI, AMSR-E AND

MOON-BASED MICROWAVE RADIATION SIMULATION DATA

temperature variation are selected to analyze the accuracy of the
LST inversion (Figs. 9–11 and Table I).

Fig. 9 is the LST estimation error using the 6.9, 10.8, 18.7,
23.8, 36.5, and 89 GHz microwave brightness temperature data
at different viewing zenith angles. When the viewing zenith
angle is 0–30° and 40–50°, the LST retrieved from 23.8 GHz

brightness temperature data has the lowest average error and
RMSE than other LST estimation. Thus the 23.8 GHz is op-
timum frequency for retrieving LST with the viewing zenith
angle of 0–30° and 40–50°. When the viewing zenith angle is
30–40° and 50–90°, the LST retrieved from 36.5 GHz brightness
temperature data has the lowest average error and RMSE than
other LST estimation. Thus the 36.5 GHz is optimum frequency
for retrieving LST with the viewing zenith angle of 30–40°
and 50–90°. Overall, the LST derived from 23.8 and 36.5 GHz
brightness temperature data have higher accuracy than that of
6.9, 10.8, 18.7, and 89 GHz brightness temperature data, and
the two frequencies are more suitable for the LST retrieval at
Moon-based large-scale zenith angle.

Fig. 10 shows the change of LST estimation errors with
the zenith angle. With the increase of the zenith angle, the
average error of LST retrieval is 6.61-8.80K, and the RMSE is
gradually increased from 3.91 to 5.80 K. This indicates that the
LST estimation accuracy gradually decreases with the increase
of zenith angle. Therefore, the accuracy of Moon-based LST
retrieval algorithm based on microwave remote sensing data
depends on the zenith angle.

From the LST derived from the simulated Moon-based mi-
crowave radiation brightness temperature data, FY3B MWRI,
and AMSR-E brightness temperature data with the same zenith
angle, it can be seen that the Moon-based LST retrieval algorithm
based on microwave remote sensing data in this study is suitable
for different Earth observation platforms. The 23.8 and 36.5 GHz
brightness temperatures data are the best for LST retrieval due to
the small estimation errors. Moreover, the average error of three
LST inversions are 6.78, 6.71, and 6.67K as well as the RMSE
are 5.37, 5.18, and 5.44K, respectively, as shown in Fig. 11.
Considering the approximate equivalent LST estimation errors
using three data with the same viewing zenith angle, the Earth
observation platform (Moon-based Earth observation platform,
FY3B satellite or Aqua satellite platform) has little effect on
the estimation accuracy of Moon-based LST retrieval algorithm
using microwave remote sensing data.

The LST estimation error and diurnal temperature variation
from FY3B MWRI, AMSR-E, and Moon-based microwave
radiation simulation data are given in Table I. Results show that
the average error is 6.71, 6.67, and 7.09K and the RMSE is
5.18, 5.44, and 4.79K, respectively. In addition, the diurnal LST
variation in the study area is about 60 °C, and the RMSE of
the LST inversion result is 3.91–5.80K. This indicates that the
estimation error has little effect on the LST relative to the diurnal
temperature variation. Therefore, the physical-based retrieval
algorithm of Moon-based Earth observation is reliable for the
LST estimation using microwave remote sensing data.

In this study, the physical-based retrieval algorithm for LST
from Moon-based Earth observation considered in detail the
atmospheric effects from the atmospheric transmittance, at-
mospheric upward and downward radiations. The atmospheric
transmittance varies with the changes of the oxygen molecule,
water vapor molecule in the atmosphere and the viewing zenith
angle, and the accurate results contributes to the high accuracy of
the retrieval algorithm. The atmospheric upward and downward
radiations was also analyzed in detail instead of being zero
or constant in part of the previous studies. Considering the
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accurate analysis of these atmospheric parameters, the retrieval
accuracy is a little higher than the previous studies. Moreover,
the atmosphere and ionosphere parameters are related to the
viewing zenith angle, thus the retrieval accuracy changes with
the angle. Different Earth observation platforms has a unique
viewing zenith angle between 0 and 90°, therefore the retrieval
algorithm for LST in this study can be applied to these platforms.
The previous studies found that the brightness temperature data
of 37 GHz acquired by satellite was optimal for retrieving LST
[6]–[8], and the results of this study showed that two frequencies
of 23.8 and 36.5 GHz were optimal for Moon-based Earth
observation. The estimation accuracy of LST decreased with
the decrease of viewing zenith angle. With the viewing zenith
angle of larger than 80°, the LST estimation error was up to
5.8K. The phenomenon is related to the low spatial resolution
of microwave data, the mixed pixel effect and limitation of the
algorithm. Therefore, further research on the reduction of mixed
pixel effect, increase of the spatial resolution or improvement of
the retrieval algorithm is required.

V. CONCLUSION

Based on the relationship between horizontal and vertical
microwave emissivity in different wavelengths, microwave ra-
diative transfer model and the theory of microwave propagation
in the ionosphere, the physical-based retrieval algorithm of LST
from passive microwave data for Moon-based Earth observation
is developed. The algorithm can simultaneously estimate the
LST and the surface emissivity and is applicable to microwave
remote sensing data with viewing zenith angle of 0–90°. The
key parameters of the algorithm are atmospheric transmittance,
atmospheric upward and downward radiations, the attenuation
of microwave energy in the ionosphere, and the viewing zenith
angle.

After analyzing the atmospheric transmittance, atmospheric
upward and downward radiations and the attenuation of mi-
crowave energy in the ionosphere for Moon-based Earth ob-
servation, it has been observed that the four parameters have
a significant correlation with the viewing zenith angle. With
the increase of the viewing zenith angle, the atmospheric trans-
mittance decreases gradually from the Moon-based perspective,
while the atmospheric upward and downward radiations, and the
attenuation of microwave energy increases.

Based on the LST estimation from the FY3B MWRI, AMSR-
E, and Moon-based microwave radiation brightness temperature
simulation data, the 23.8 and 36.5 GHz brightness temperature
data are optimal for the LST estimation under a large-scale
viewing zenith angle for Moon-based Earth observation. The
average error of LST estimation using the three data are 6.71,
6.67, and 7.09K, and RMSE are 6.17, 5.44, and 4.79K, respec-
tively. Moreover, the RMSE of LST estimation is gradually
increasing as the viewing zenith angle increases from 0 to 90°,
indicating that the accuracy of LST retrieval increases with the
increase of the zenith angle. In addition, the Moon-based LST
retrieval algorithm is suitable for passive microwave brightness
temperature data from different Earth observation platforms, and
the retrieval accuracy is less affected by the platform.

As a part of Moon-based Earth observation research, the study
on LST inversion from microwave data can help to clarify the
mechanism of microwave radiation energy balance of the Earth’s
climate system, and provide supports for the Moon-based sensor
systems design and the global-scale LST acquisition. In addition,
the precision of inversion is usually affected due to the low
spatial resolution of microwave data and the mixed pixel effect.
To improve the inversion accuracy of the algorithm, further
researches on the reduction of mixed pixel effect of different
land cover types in certain radiation mechanisms and increase
of the spatial resolution will be carried out.
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