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Since the successful launch of China’s Chang’E (CE), Japan’s
SELENE, India’s Chandrayaan, and America’s LRO lunar
orbiters, especially the Yutu rover onboard CE-3 mission,
we have gained a further understanding about the Moon.
Compared to the previous lunar missions, the microwave
techniques have been paid more attention in recent mis-
sion, such as the lunar radar sounder (LRS) onboard
SELENE, microwave sounder (CELMS) onboard CE-1/2,
miniature synthetic aperture radar (Mini-SAR) onboard
Chandrayaan, and Miniature Radio-Frequency (Mini-RF)
instrument onboard LRO lunar orbiters, and the lunar pene-
trating radar (LPR) on board the Yutu rover in CE-3 mission.
The microwave signal can penetrate the lunar regolith to
some depth, and it is sensitive to the regolith thermophysical
parameters. In the last five years, abundant exciting results
have been revealed by the microwave data. However, the
comparison among the findings using different data sources
is critically absent. How to synthesize the microwave data,
including the orbital and in situ measurements, to further
understand the substrate thermophysical features of the
Moon is one of the important research topics for the current
lunar exploration. In this special issue, a few papers that
address such issues are included.

11 papers were received before the deadline time. After
strict review, 5 papers were accepted, and the other 6 were
rejected. Prof. Li mainly sponsored 5 papers about the lunar
penetration radar, Prof. Meng mainly sponsored 2 papers
about the microwave observations of the Moon, and the
others were processed by Prof. Gusev.

Of the 5 received papers, one addresses the structural
analysis of lunar regolith from LPR CH-2 data based on

adaptive f-x empirical mode decomposition (EMD). B. Hu et
al. used the adaptive f-x EMD based dip filter to extract the
rock in the regolith indicating the degree of rock enrichment
and highlighting regolith-basement interface. Their results
locate the position of each rock and highlight the contact
interface of regolith and the basement rock.

The paper “Disk-Integrated Lunar Brightness Tempera-
tures Between 89 and 190 GHz” presents the measurements
of the disk-integrated brightness temperature of the Moon at
89, 157, 183, and 190GHzwhich are presented for phase angles
between -80∘ and 50∘ relative to full Moon. M. J. Burgdorf
et al. demonstrate the potential of weather satellites for fine-
tuning models and establishing the Moon as an extremely
accurate calibration reference.

In the paper “Study of the Chang’E-2 Microwave
Radiometer Data in the Lunar Polar Region,” F. Yang et
al. used four-channel microwave radiometer (MRM) data
with frequencies of 9 3 GHz, 7.8 GHz, 19.35 GHz, and 37
GHz to investigate the properties of lunar surface such as
regolith thickness, dielectric constant, and titanium abun-
dance within a depth of several meters in middle and
low latitudes. The purpose of this work is to take a close
look at MRM data in the polar regions of the Moon and
analyze the characteristics of the brightness temperature (TB)
in permanently shadowed regions (PSRs), especially where
evidence of water ice has been found.

The paper “Several Geological Issues of Schrödinger
Basin Exposed by CE-2 CELMS Data” evaluates the thermo-
physical features of Schrödinger basin using the Chang’E-2
microwave sounder (CELMS) data. Z. G. Meng et al. gave a
new geological view according to the brightness temperature
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and emissivity maps and proved the applicability of the
CELMS data applying in high latitude regions to a certain
extent.

In the paper “Lunar Radiometric Measurement Based
on Observing China Chang’E-3 Lander with VLBI—First
Insight,” Han et al. presented the current status and prelimi-
nary result of the OCEL, mainly focusing on the determina-
tion of the lander position. This accurate analysis is useful for
optimizing OCEL sessions of the Chang'E-3 lunar lander.
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The Lunar Penetrating Radar (LPR) is one of the important scientific payloads in China’s Chang’E-3 (CE-3) to image within
100 m below the lunar surface. The acquired LPR data is significant for the research of lunar geological structure. Based on the
sedimentary mechanism of lunar regolith, the regolith contains many rocks with different sizes. These local anomalies appear
as diffraction in LPR data, which reduces the data quality and limits the structural analysis of lunar regolith. According to the
kinematics characteristics of rock caused diffraction, we transform these problems to a problem of steep dip decreasing. To reach
this goal, we adopt a data preprocessing workflow to improve the quality of the radar image, firstly. Then, a dip filter based on
adaptive f-x empirical mode decomposition (EMD) is proposed to extract the rocks in the regolith and the corresponding removed
IMFmap indicates the degree of rock enrichment and highlights regolith-basement interface. Both simulation and LPR CH-2 data
present a great performance. Finally, according to the processed result, we locate the position of each rock and highlight the contact
interface of regolith and the basement rock.

1. Introduction

Chang’E-3 landed at 340.4875∘E, 44.1189∘N on the Moon
on 14 December 2013 on a new region that has not been
explored before in the largest basin, the Mare Imbrium [1].
Thedual-frequency Lunar Penetrating Radar aboard the Yutu
Rover provides a unique opportunity to map the subsurface
structure to a depth of several hundreds of metres from
the low-frequency channel (CH-1, 60 MHz) and the near-
surface stratigraphic structure of the regolith from the high-
frequency channel (CH-2, 500 MHz). The LPR also provides
an accurate detection result with high resolution from high-
frequency observations [2].

LPR data processing and initial results are first presented
by NAOC [3]. Initial analysis of the LPR observations,
especially that from the CH-1, indicates that there are more
than nine subsurface layers from the surface to a depth of
∼360m [1].The onboard Lunar Penetrating Radar conducted
a 114-m-long profile, which measured a thickness of ∼5 m

of the lunar regolith layer and detected three underlying
basalt units at depths of 195, 215, and 345 m. The radar
measurements suggest an underestimation of the global lunar
regolith thickness by other methods and reveal a vast volume
from the last volcanic eruption [4]. Fa et al., Lai et al.,
and Zhang et al. speculated the near surface structure by
processing the raw CH2 data [5–7]. Dong et al. and Zhang
et al. calculated the parameters of regolith [8, 9].

The previous papers mainly studied on the geological
stratification and parameter inversion. The quantity and
location of rocks in regolith have not been researched. The
quantity and location of rocks in regolith not only help to
understand the evolution of regolith on the landing site,
but also provide a priori information for the further CE-
5 plan of regolith collection. The rocks in lunar regolith
are the break point, causing diffractions in LPR data. The
kinematics characteristics of these diffractions are quite
different from those ofmain reflections, which is expressed as
hyperbola [10, 11]. The vertex position of the diffractions can
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Figure 1: Yutu’s path on the Moon. The context image was taken by the descent camera on the CE-3 lander. Red star shows the landing site.
The inset lines show the initial path (black dotted line) read directly from the LPR data and the adjusted path (red line).

indicate the location of rocks.Therefore, we can suppress high
wavenumber components of diffractions to locate the rock.

Huang et al. [12] use empirical mode decomposition
(EMD) to prepare stable input for the Hilbert transform. The
aim of EMD is stabilizing a nonstationary signal and decom-
posing the nonstationary signal into fast and slow oscillation
components, called intrinsic mode functions (IMFs). 1D
EMD can be an adaptive band-pass filter, dividing the dataset
into the IMFs with different frequency range. Due to the
property of EMD, Bekara and van der Baan [13] propose
f-x EMD to attenuate the random and coherent noise. Cai
et al. [14] propose the guideline of t-f-x EMD denoising.
Chen et al. [15] add autoregressive (AR) model to f-x EMD
to improve the applicable conditions and propose an EMD
based dip filter. Chen et al. [16] apply randomized-order
EMD to attenuate multiple reflections using randomized-
order EMD. Chen et al. [17–19] introduce EMD into the
framework of Seislet transform and low-rank approximation,
which expanded the applications of EMD, such as signal
enhancement, rank reduction, etc.

In this paper, a processing workflow is designed to image
the LPR CH-2 data. Then, an adaptive f-x EMD, which can
extract the rock in the regolith, is adopted. We apply the

removed IMF map as a reference in highlighted regolith-
basement interface. An integrated regolith model helps to
verify that this method is suitable for LPR data. Finally,
according to the processed result, we locate the position of
each rock and highlight the contact interface of regolith and
the basement rock.

2. Data Preprocessing

Yutu Rover was released by CE-3 on 14 December 2013. The
YutuRover explored the surface and subsurface of the landing
site in the northern part of the Mare Imbrium using its four
main instruments: the Panoramic Camera, Lunar Penetrating
Radar (LPR), Visible–Near Infrared Spectrometer (VNIS),
and Active Particle-Induced X-ray Spectrometer (APXS). Its
track extends to 114.8 metres near a young crater. Figure 1
demonstrates Yutu’s path on the Moon (reproduced from Bin
Hu et al [20]).

The dual-frequency Lunar Penetrating Radar aboard
the Yutu Rover provides a unique opportunity to map the
subsurface structure to a depth of several hundreds of metres
from the low-frequency channel (CH-1, 60 MHz) and the
near-surface stratigraphic structure of the regolith from the
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Figure 2: Aworkflow chart of CH-2 LPR data processing.The relative dielectric constant is set to be 3. N103-N209 denote the positions where
the LPR was rebooted.

high-frequency channel (CH-2, 500 MHz). CH-2 data is
selected to determine the near-surface stratigraphic structure
of the regolith. According to the acquisition parameters, the
actual situation, and the data quality, the LPR CH-2 data
preprocessing workflow is designed (Figure 2). A radar image
with high resolution is accessible after data preprocessing.

Analysis of the stratified structure of regolith layer and
the location of each anomalous rock will help us understand
the geological information of the CE-3 landing site and carry
on the future lunar exploration program. However, there are
some problems of the LPR data (Figure 2).

(1) The structure of the regolith layer is not clear. The
current consensus is that generally the thickness of the
regolith is ∼5 m in the mare areas but the average thickness
is approximately 10-15 m in older highland regions [21].
Theoretically, a uniform fine-grained regolith over an intact
basement rock would produce an intense reflection, but there
is nothing in LPR data.

(2) The location of each rock is not easy to determine.
And the number of the rocks for each area will not be easily
quantified.

Based on the above problems, it is considered that further
processing is required. Adaptive f-x EMD is a reasonable
approach that will help us deal with the above problems.

3. Methods

3.1. 1D t-x Domain EMD. EMD can provide an empirical
decomposition of a nonstationary signal. These decomposed
subsignals are separated based on oscillation frequency and
called IMFs. A stable IMF has a constant instantaneous
frequency and narrow-band waveform, satisfying two con-
ditions [12]: (1) the numbers of extremes and zero crossings
in the data series either are equal or differ by one, and (2) at
any point, the mean value of the envelope defined by the local
maxima and the local minima is zero.

In 1D case, the signal is decomposed into several subsig-
nals 𝑐𝑛(𝑡)with different frequency range, which can bewritten
as

𝑠 (𝑡) =
𝑁∑
𝑛=1

𝑐𝑛 (𝑡) + 𝑟 (𝑡) , (1)
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Figure 3: Demonstration of a decomposition using 1D EMD. (a) The synthetic signal, (b) first IMF, (c) second IMF, (d) residual.

where 𝑠(𝑡) are the input signal and 𝑐𝑛(𝑡) are the decomposed
IMFs. 𝑟(𝑡) denotes the residual and N is the IMF number.

Figure 3 demonstrates the decomposition of a synthetic
data series using EMD in t-x domain. The generated signal
is the sum of two trigonometric functions (i.e., 𝑠(𝑡) =
cos(0.5𝜋𝑡) + sin(0.16𝜋𝑡)). The frequency components of the
signal are 0.25 and 0.08 Hz. From Figure 3, we see that EMD
successfully separates the signal into two IMFs with different
frequency. Due to the advantages of frequency separation,
EMD has been adopted in random noise attenuation [22, 23].
The denoising principle is the frequency difference between
noise and signal, which random noise mainly locates on
the high frequency components. By removing these IMFs,
random noise can be attenuated.

3.2. f-x Domain EMD Based Dip Filter. Bekara and van der
Baan [13] adopt EMD in f-x domain to suppress random
noise and steep dip coherent noise. They consider the noise
energy is dominant in the high wavenumber portion in the
f-x domain. The high wavenumber portion presents the fast
oscillation of each frequency slice. Based on the separation
between noise and signal, noise can be attenuated by simply
removing IMF1 from noisy data. The detailed process is
shown as follows:

(1) Set the size of the time window.
(2) Pick a time window and adopt 1D forward Fourier

transform along the time direction.
(3) Pick a frequency slice and separate it into real and

imaginary parts.
(4) Compute IMF1s for real and imaginary parts and

subtract them to obtain the filtered parts, respectively.
(5) Compose the filtered frequency slice.
(6) Repeat (4)-(5) for each frequency slice.
(7) Adopt 1D reverse Fourier transform along the time

direction.
(8) Repeat (2)-(7) for each time window.

The two advantages of f-x EMD is convenience and stability.
The f-x EMD is data-driven f-k filter and does not require
the predefined muting zone in f-k domain, which is eas-
ily embedded into field data processing. Moreover, unlike
convolutional operator based denoising methods (such as f-
x predictive filter), f-x EMD can deal with irregular spatial
sampling dataset [13, 24]. For data acquisition of LPR,
irregular spatial sampling is inevitable because of the complex
terrain, finite time, and expensive cost. Therefore, f-x EMD is
a promising tool in LPR data processing.

It should also be noted that the choice of the removed
IMFs can be more than one. It is determined by dispersion
of high wavenumber components and noise level. When the
target noise is located in high wavenumber components or
noise level is low, the number of removed IMFs can be small.
Conversely, more IMFs should be removed.

Due to the advantage of wavenumber separation, f-x
EMD can be used as dip filter [15].The different IMFs present
different dip angle range; i.e., high dip components locate
in the low IMFs and low dip components locate in the high
IMFs. If we divide the IMF set into several subsets, the dataset
is separated by the dip angle.Therefore, we define the dip filter
using f-x EMD as follows:

�̃�𝑖 (𝑓, 𝑥) =

{{{{{{{{
{{{{{{{{{

𝜀1𝑢𝑖 (𝑓, 𝑥) 𝑖 ∈ 𝐷1
𝜀2𝑢𝑖 (𝑓, 𝑥) 𝑖 ∈ 𝐷2
... ...
𝜀𝑚𝑢𝑖 (𝑓, 𝑥) 𝑖 ∈ 𝐷𝑚,

(2)

Λ (𝑓, 𝑥) = 𝑁∑
𝑖=1

�̃�𝑖 (𝑓, 𝑥) , (3)

where Λ(𝑓, 𝑥) is the filtered frequency slice and 𝑢𝑖(𝑓, 𝑥) is
the ith separated IMF. 𝐷𝑖 is the ith dip subsets and m is the
number of divided subsets. 𝜀𝑖 denotes the weighting factors.



Advances in Astronomy 5

0 500

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

100 150 250200
Position (m)

Ti
m

e (
ns

)

(a)

0 500

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

100 150 250200
Position (m)

Ti
m

e (
ns

)
(b)

Position (m)

Ti
m

e (
ns

)

0 500

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

100 150 250200

(c)

Position (m)
Ti

m
e (

ns
)

0 50
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

100 150 250200

(d)

Figure 4: Demonstration of dip filter using f-x EMD. (a)The synthetic data, (b) high-pass dip filtered data, (c) mid-pass dip filtered data, (d)
low-pass dip filtered data.

Figure 4 demonstrates the results of three types of dip
filter (high-pass, mid-pass, and low-pass) working on a plane
wave model (reproduced by Bin Hu et al. [20]). In the
synthetic data (Figure 4(a)), it contains three dip sets. After
the three dip filters, different dip events (Figures 4(b)–4(d))
are well extracted. Table 1 shows the detailed parameters of
the three filter. The LPR data are acquired in constant-offset
way, whose source can be considered as wave plane. The
kinematics characteristics of the main reflection events are
similar to those of the terrain. The rocks in lunar regolith
are the break point, causing diffractions in LPR data. The
kinematics characteristics of these diffractions are hyperbola.
In a word, the reflection events are low dip and smooth,

whereas the diffraction events are high dip. The diffraction
point extraction can be transformed into a problem of steep
dip decreasing. Therefore, we should select a simple low-pass
dip filter, with 𝑚 = 0, 𝜀1 = 0, 𝜀2 = 1,𝐷1 = {1, 𝑝}, 𝐷2 =
{𝑝 + 1, . . . , 𝑁}. The key parameter is the number of removed
IMFs 𝑝.
3.3. Adaptive f-x Domain EMD Based Dip Filter. According
to the kinematics of diffractions, the goal of diffraction point
extraction is to attenuate as much steep dip components
as possible while maintaining the horizontal components
in hyperbolic apex. Because of the complexity of rock dis-
tribution in lunar regolith, the distribution of different dip
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Figure 5: Demonstration of the choice in removing IMFs. (a) Reference dip filtered data by f-x filter, (b) correlation coefficients of different
IMFs.

Table 1: Comparison of the SNR before and after applying the proposed approach.

Type N m 𝜀𝑖 𝐷𝑖
High-pass 6 2 𝜀1 = 1, 𝜀2 = 0 𝐷1 = {1},𝐷2 = {2, . . . , 6}
Mid-pass 6 3 𝜀1 = 0, 𝜀2 = 1, 𝜀3 = 0 𝐷1 = {1},𝐷2 = {2},𝐷3 = {3, . . . , 6}
Low-pass 6 2 𝜀1 = 0, 𝜀2 = 1 𝐷1 = {1, 2}, 𝐷2 = {3, . . . , 6}

components is various. Therefore, it is necessary to develop
a method in selecting removed IMFs adaptatively.

In our method, we adopt f-k filtering result as a reference
and gradually subtract smaller IMFs. After every subtraction,
we calculate the correlation coefficient between subtracted
IMF and reference data. The correlation coefficient 𝑟 is
calculated as follows:

𝑟

= ∑𝑓 ∑𝑥 (𝑢𝑖 (𝑓, 𝑥) − u) (𝑑𝑓𝑘 (𝑓, 𝑥) − d)
√(∑𝑓 ∑𝑥 (𝑢𝑖 (𝑓, 𝑥) − u)2) (∑𝑓 ∑𝑥 (𝑑𝑓𝑘 (𝑓, 𝑥) − d)2)

, (4)

where u, d denote the ith IMF and the reference data in f-x
domain, respectively, and − denotes the mean of input data.
The IMF according to the maximum of correlation coefficient
present the horizontal component; then the number of
removed IMF 𝑝 can be defined as

𝑝 = 𝑖max − 1, (5)

where 𝑖max denotes the number of IMF according to the
maximum of correlation coefficient. The detailed steps are
shown as follows:

(1) Set the size of the time window and obtain rough
denoised data by f-k filter.

(2) Pick a time window and adopt 1D forward Fourier
transform along the time direction.

(3) Pick a frequency slice and separate it into real and
imaginary parts.

(4) Compute one IMF for real and imaginary parts and
subtract them to obtain the filtered parts, respectively.

(5) Compose the filtered frequency slice.
(6) Repeat (4)-(5) for each frequency slice.
(7) Calculate the correlation coefficient between sub-

tracted IMF and rough denoised data in f-x domain.
(8) Repeat (3)-(7) till finding themaximumof correlation

coefficient.
(9) Adopt 1D reverse Fourier transform along the time

direction.
(10) Repeat (2)-(7) for each time window.

Figure 5 shows the demonstration of the choice in removing
IMFs. We calculated the correlation coefficients (Figure 5(b))
between the first 5 IMFs (Figure 4) and denoised data with
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Figure 6: The integrated regolith model and its forward simulation result.

f-k filter. We can see that correlation coefficient of IMF3 is
largest; i.e., we should remove the first 2 IMFs to extract
the horizontal components. We also see the correlation
coefficient of IMF1 is larger than other IMFs. The reason
is the high wavenumber components residual caused by f-
k filter. Note that the muting zone can be defined casually.
The dip band divided by f-x EMD is smooth and stable.
The high dip components residuals or muting artefacts
(red arrows) in reference data have small influence on the
calculation of correlation coefficient. Compare with conven-
tional f-x EMD based dip filter; the proposed method is
suitable for more complex conditions to highlight horizontal
components.

4. Regolith Simulations

In order to verify whether this method is suitable for
LPR data, we build a complex model (Figure 6). This
model considers many factors: random medium, undulating
interface, and anomalous body. The modeling method is

referenced from [25–27]. FDTD is applied for the simu-
lation of the simple model [28]. According to the actual
acquisition parameters of LPR [2], the simulated parameters
are shown in Table 2. The forward result is obtained in
Figure 6.

Figure 7 shows the results of the rocks extraction (left)
and themap of corresponding removed IMFs number (right).
Note that singularity should be taken out before using
the factor to avoid local discontinuities in the extraction
results. The comparison of f-k spectrum (Figure 8) demon-
strates the effectiveness of the proposed method, and the
high-wavenumber components of the simulated data are
effectively suppressed. From Figure 9, we see that the dip
components are separated, and the remaining horizontal
components indicate the location of the rock. Moreover,
the IMFs map can reveal the degree of rock enrichment
to a certain extent. The reason is that the order of the
horizontal components is positively related to the complexity
of the dip component, which indicates the intensity of the
rock.
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Figure 7: (a) Adaptive f-x EMD result of the integrated model, (b) the map of corresponding removed IMFs number.

Table 2: Simulation Parameters.

Antennas
Dominant frequency 500 MHz

Source type Point source
Waveform Ricker wavelet

Absorbing boundary Type C-PML
Thickness 0.11 m

Discretization grid 0.005 m ∗ 0.005 m
Time step 0.040434 ns

Time window 150ns
CPU Intel(R) Core(TM) i5-4590 CPU @3.30GHz
RAM 8.00 GB
Time 20.4824 hours

Figure 9 shows the interpretation of the integrated model
result. According to the adaptive f-x EMD result of the
integrated model, we locate the position of each rock block
(Figure 9(a)); except for several redundant rocks (shown by
red dots) and missing rocks (shown by the green dot), the
position of the rock block is matched with the original model
(Figure 6(a)). The IMFs map on the one hand helps to divide
the area according to the number of rock blocks. On the other
hand, it also helped us to get the interface of regolith and
bedrock, which is not clear in the radar image. The Chang'E-
5 mission will drill and collect the regolith from the moon
[29], which requires that there are no rocks below the drilling
point; otherwise the drilling machine will be damaged. The
adaptive f -x EMD method and its IMFs map can help us
select the drilling point, as shown in Figure 8(b) (2m and
18m), which will greatly reduce the probability of machine
damage.

5. Results and Discussion

It is proven that the adaptive f-x EMD is suitable for
LPR data processing. The processing results are shown in
Figure 10. And the corresponding f-k spectrums (Figure 11)
also show the effectiveness of high-wavenumber components
suppression. We can observe that there are some artefacts in
the deep section of the preprocessed data (Figure 2). These
artefacts have certain continuity and gentle dip angle, which
will affect the recognition of the rock, so we mute the section
of deep artefacts. The processing result shows the location of
the rock (left) and the degree of the rock enrichment (right).

In order to further explain the processing results, we
extract the rocks (Figure 12) based on the feature of the
processed LPR data. After the extraction of each rock, the
extracted rocks are superimposed with Figure 12(b). The
red area has the largest number of rock blocks, the yellow
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Figure 8: The comparison of f-k spectrum. (a) Forward simulation result; (b) adaptive f-x EMD result.

Position (m)

Ti
m

e (
ns

)

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

0 2 4 6 8 10 12 14 16 18 20

Matched with the model
Less than the model
More than the model

(a)

Position (m)

Ti
m

e (
ns

)

80

0

10

20

30

40

50

60

70

90

100

110

120

130

140

150

0 2 4 6 8 10 12 14 16 18 20

(b)

Figure 9: Interpretation of the integrated model result.
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Figure 10: (a) Adaptive f-x EMD result of LPR CH-2 data. (b)The IMFs map of LPR CH-2 data.
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Figure 11: The comparison of f -k spectrum. (a) LPR CH-2 data. (b) Adaptive f-x EMD result.
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Figure 12: (a) The position of each rock and (b) the interface of LPR CH-2 data.

area is the second, and the blue area is the least, which is
consistent with the above simulation results. The dividing
lines in Figure 12(b) also help us to stratify the regolith layer
and divide the LPR data into three layers.

After the above processing, we give an interpretation
according to the formation of the lunar regolith and the
former results. The LPR data are divided into three layers
(Figure 13).

(1) Bedrock (below∼9m).This layer is basalt, which is the
product of the last basalt covering.

(2) Deep regolith (between ∼3m and ∼9m).This regolith
layer contains a lot of rock fragments, because, after the
formation of paleo-regolith, the small meteorite can not
penetrate the upper regolith layer, leading to a lower degree
of weathering, a larger grain size, and more rock masses.

(3) Shallow regolith (up ∼3 m). This regolith layer has
a higher degree of weathering, regardless of the impact of
the meteorites or other weathering factors, such as the effect
of space particles and electromagnetic radiation, etc., which
can all affect the shallow regolith layer, thus decreasing the
number and size of the rock blocks.

6. Conclusions

The LPR equipped on Yutu Rover detected the lunar geologi-
cal structure in the Northern Imbrium. A data preprocessing
workflow is designed to solve some types of issues, such as
repeated and waste traces and noise. The position of each
rock and the contact interface of regolith is still difficult to
recognize. On the basis of good preprocessing, we propose
an adaptive f-x EMD to locate the rocks in the regolith. The
corresponding removed IMF map can reveal the degree of
rock enrichment to a certain extent and the contact interface
of regolith and the basement rock, which can provide a
preference in data interpretation.

Based on the processed LPR CH-2 data, we locate the
position of each rock and highlight the contact interface of
regolith and the basement rock.TheLPR data are divided into
three layers: bedrock (below ∼9 m), deep regolith (between∼3m and ∼9m), and shallow regolith (up∼3m).The bedrock
is basalt, which is the product of the last basalt covering. The
deep regolith layer contains a lot of rock fragments with a
lower degree of weathering. The shallow regolith layer has
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Figure 13: Interpretation of CH-2 data.

a higher degree of weathering with a few number of the
rocks.

These results provide valuable information regarding
our understanding of the modification of the lunar surface
and the evolution of the regolith, and the results are also
important as a reference for future lunar sample return
missions.
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Copyright © 2019 Z. G. Meng et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The study on the Schrödinger basin may provide important clues about the formation of South Pole-Aitken (SPA) basin. In this
paper, the thermophysical features of Schrödinger basin were evaluated using the Chang’E-2 microwave sounder (CELMS) data.
The results are as follows. (1) The geological units are reevaluated with the CELMS data and a new geological view was provided
according to the brightness temperature and emissivity maps. (2) The surface topography plays an important role in the observed
CELMS data. (3)The hot anomaly in the basin floor indicates a warm substrate. (4) The pyroxene-bearing anorthosite is probably
an important cause for the cold anomaly over the lunar surface. Also, the study proves the applicability of the CELMS data applying
in high latitude regions to a certain extent.

1. Introduction

Schrödinger basin is the best preserved basin of its size and
laid in the southwest corner of the South Pole-Aitken (SPA)
basin (Figure 1(a)), the largest and oldest impact crater on the
Moon [1, 2].The basin is superposed on the floor of SPAbasin
and it may likely excavate the materials from the lower crust
or uppermantle [2–4].Thus, the diversity of thematerials and
the special mare volcanism in the basin could provide some
important information about the formation of Schrödinger
basin and even SPA basin.

Schrödinger basin, centered at (76∘S, 134∘E), is about
334 km in diameter. It also has an inner peak ring of
168 km in diameter represented by a discontinuous ring
of mountains [5]. Wilhelms et al. [6] firstly provided the
geological mapping effort of this basin at 1:5M scale based
on Lunar Orbiter data. Thereafter, Shoemaker et al. [7]
improved the geological interpretation with the Clementine
UV-VIS data. Using the data from the Lunar Reconnais-
sance Orbiter, Clementine, Lunar Prospector, and Lunar

Orbiter, Mest [2] evaluated the contacts and structures of
geological units and at last identified three groups including
nine distinct units (Figure 1(b)), indicating that Schrödinger
basin comprises the pre-Schrödinger crustal materials, the
mafic and anorthositic materials, and the volcanic materials.
Additionally, abundant fractures occur in the basin floor,
some of which extend to a few hundred kilometers long.
Shankar et al. [8] verified a heterogeneous distribution of
both anorthositic and basaltic materials in the basin floor.
Using remote sensing data and impact crater modeling,
Kramer et al. [9] reevaluated the composition of materials
that make up the basin wall, impact melt, and peak ring,
providing a new understanding of basin-forming processes.
Through analyzing the LROLOLAdata and theChandrayaan
data, Kumar et al. [10] concluded the boulder falls in the basin
floor triggered by the recent shallowmoonquakes and impact
events, indicating that this is geologically active zone until
now. Therefore, Schrödinger basin presents an appropriate
place to evaluate the thermophysical features of the diverse
materials forming the SPA and Schrödinger basins and the
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Figure 1: WAC image (a) and geological map (b) of Schrödinger basin. Note: Figure 1(a) was downloaded from http://wms.lroc.asu.edu/
lroc/search. Figure 1(b) geological map is interpreted by Mest [2].

substrate thermal features related to the tectonic activities.
This is also the motivation for us to study the basin with the
microwave sounder (CELMS) data.

The CELMS instrument was onboard Chinese Chang’E-
2 (CE-2) satellite, which is designed to measure the thermal
emission of the shallow lunar surface in microwave domain.
The CELMS data are of special significance in the current
lunar geological study, which has been proved by Meng
et al. [11] and Hu et al. [12] through evaluating the mare
volcanism in Mare Imbrium. Meng et al. [13] also gave a
distinctly different view about Mare Crisium using the CE-
2 CELMS data compared to the optical data and indicated
a new understanding about the mare volcanism there. This
hints to the potential applications of the CELMSdata to better
understand the thermal evolution of the Moon.

However, Schrödinger basin is located in high latitude
regions, which has harsh topographic and illuminating con-
ditions. To testify the applicability of the CELMS data in such
conditions is also our motivation. In this paper, Section 2
thoroughly describes the processing of the CELMS data.
Section 3 analyses the MTE features of the geological units
in the basin. The geological applications are discussed in
Section 4. Section 5 presents the conclusions.

2. Data Processing

Schrödinger basin is totally located in the high latitude region
with fairly complex topographic and illuminating conditions,
whichmakes it difficult to select and process the CELMS data
[14–16].

2.1. CELMS Data Processing. The CELMS data used in the
study were collected from the CE-2 satellite, which operated
at 3.0, 7.8, 19.35, and 37GHz channels. The observation time
was from October 2010 to May 2011. The incident angle is 0∘,
and the temperature sensitivity is better than 0.5 K. A detailed
description of the CELMS data was given by Cai and Lan [17]
and Meng et al. [18].

According to the range of Schrödinger basin, more than
600 tracks of swath CELMS data were acquired. For the
brightness temperature (TB) is heavily influenced by the
surface temperature, or surface illumination [12, 16], the hour
angle is introduced to describe the measured TB in different
time spans [11, 13, 15, 19, 20]. Additionally, the quantity of
the selected CELMS data is more than five times as that
with a similar area in low latitude regions [18]. However,
after overlying the obtained CELMS data on Schrödinger
basin (Figure 2), 1∘ spatial resolution along the latitude and
very high spatial resolution along the longitude are clearly
presented.

The soundly large quantity of the CELMS data means
that the TB maps at multiple time periods can be generated
(Figure 3). But just as in Figure 3, we may obtain the CELMS
data at 8 and 14 o’clock. Unfortunately, there occurs an
apparent position problem in Figure 3, which is indicated by
the red line. The position of the TB in the left side of the red
line apparently does not match that of the TB in the right side,
hinting that the CELMS data at this time are not proper. After
carefully checking the original CELMS data, the CELMS data
at 0 and 10 o’clock are proper to generate the TB maps of
Schrödinger basin, which can represent the TB at nighttime
and daytime.

Thereafter, the CELMS data processing procedure is
similar to that suggested by Meng et al. [11]. For the linear
interpolation method can slightly alter the original data, it is
employed to generate the TB maps with a spatial resolution of
0.25∘× 0.25∘ (Figure 4).

Figure 4 presents that the TB distribution is strongly
latitude-dependent. E.g., the TB variation at 37GHz with
latitude from the north to the south is more than 100K at
daytime and about 90K at midnight. But the TB in the central
basin floor is only about 10K higher than its vicinity. That is,
the TB variation with the latitude is much larger than that
resulted from the thermophysical parameters of the lunar
regolith [13]. Therefore, this latitude-dependent impact must
be eliminated before using the generated TB maps.

http://wms.lroc.asu.edu/lroc/search
http://wms.lroc.asu.edu/lroc/search
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Figure 2: Scatter map of the 37-GHz CELMS data at noon overlays on WAC image.

Thus, the standard TB of every latitude is proposed.
Firstly, one TB is selected for every latitude on the condition
that the (FeO+TiO

2
) abundance, surface slope, and rock

abundance are similar in all selected positions. Here, the
selection criteria are same as Meng et al. [13]. The compo-
sition, surface slope, and rock abundance data are referred
through JMARS software.The selectedTB for every channel is
presented as a dash line in Figure 5.Thereafter, a fitting curve
is made according to the selected TB, which is defined as the
standard TB for every latitude (Figure 5).

Finally, the normalized TB (nTB) can be calculated using
the TB divided by the standard TB along the corresponding
latitude. Figure 6 is the 37-GHz nTB maps at 10 and 0 o’clock,
which shows that the latitude-dependent effect of the TB
maps is well eliminated.

2.2. Image Cut and Overlaying. Figure 6 indicates a new
different view about Schrödinger basin compared to the
optical data, hinting at the potential geological applications
of the CELMS data in high latitude regions. Largely, the nTB
behaviors show a good correlation with the topography, e.g.,
the northern interior wall with reduced solar illumination,
and the composition, e.g., in the peak ring with relatively
higher nTB. However, the nTB difference among the geo-
logical units is still not distinct. This mainly resulted from
the nTB values in Granswindt crater (111.2∘E, 79.4∘S) in the
southwest and Nefed’ev crater (135.8∘E, 81.1∘S) in the south,
whose nTB is lowest in the selected regions, and from the
southern interior wall of Grotrian crater (128.3∘E, 66.2∘S),
whose nTB is almost highest at daytime. Fortunately, the three
mentioned regions are all situated beyond Schrödinger basin.
Thus, to better understand the thermophysical features of the

geological units, only the nTB within Schrödinger basin is
kept, which is cut according to the boundary given by Mest
[2] (Figures 7 and 8). Figures 7 and 8 show that the difference
among the geological units is well strengthened compared to
that in Figure 6.

What is more, the geological units have been fully
studied by Mest [2] and Kramer et al. [9]. To improve the
understanding of the geological meanings of the nTB maps,
the interpretation result byMest [2] is vectorized and overlaid
on the nTB maps in black line. Also, the WAC image is
overlaid by the 37-GHz-channel nTB at daytime andmidnight
to postulate the detailed distribution of the nTB values
(Figure 9). The coincidence between the nTB performances
and the geological units as well as the topographic terrains is
largely good, indicating the rationality of the generated nTB
maps.

2.3. Emissivity Maps Generation. In high latitude regions,
the CELMS data will experience harsher solar illumination
conditions compared to the low latitude regions [14, 15, 19].
This phenomenon is obviously indicated by the lowest values
in the northern wall and by the highest values in the southern
wall. Thus, how to eliminate the topographic impact is a
crucial issue for the applications of the CELMS data.

Up to now, the surface temperature has been fully studied
by means of the numerical simulation by Meng et al. [16],
He et al. [21], and Hu et al. [22]. Therefore, the surface
temperature was simulated with improved Racca model [16]
using the CE-1 LAM data, which was recommended by
Hu et al. [23] for its coincidence with the footprint of the
CELMS data. For the parameters used, the reader can be
referred to [16]. The original solar irradiance is the average
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Figure 3: CELMS data at 8 (a) and 14 (b) o’clock (unit: K).
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Figure 4: TB distribution map of Schrödinger basin at 37 GHz.
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Figure 5: Generation of the standard TB.

value. Moreover, the time used is at 10 o’clock, which is
corresponding to the daytime CELMS data used in this study.
Then, the ratio between the generated TB and the surface
temperature is the emissivity of the lunar regolith at the
corresponding channel (Figure 10).

Compared to Figure 7, Figure 10 indicates that the influ-
ence from the surface topography isweakened to some extent,
which can be expressed by the emissivity in the northern
and southern interior walls. Thus, the emissivity map is also
employed to provide supplements to improve understanding
of the MTE features of the geological units.

However, the simulated surface temperature is in ideal
conditions, which is not suitable for the real environment
during the CELMS observation. Thus, the introduction of
the surface temperature and the estimated emissivity are
employed only for referring.

3. MTE Features of Schrödinger Basin

Mest [2] identified three groups in Schrödinger basin,
including Schrödinger basin materials, Schrödinger plains
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Figure 6: nTB map of Schrödinger basin at 37 GHz.
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Figure 7: nTB maps of the Schrödinger basin at 10 o’clock.

formation, and Schrödinger volcanic formation. Figures 7
and 8 indicate similar nTB behaviors about Schrödinger
basin. That is, though the TB at daytime is higher than that
at nighttime, the region with relatively higher nTB at daytime
also shows relatively higher values at nighttime and vice versa.

This presents special microwave thermal emission (MTE)
features about the materials in the basin.

3.1. Schrödinger Basin Materials Group. Schrödinger basin
materials comprise the peak-ring unit (INspr) and basin rim
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Figure 9: 37-GHz nTB map overlays on WAC image with 60% transparency.

unit (INsr) (Figure 1(b)), which is interpreted to consist of
pre-Schrödinger crustal materials [2].

Unit INspr is the incomplete peak ring of mountain-
ous terrain, which displays moderate albedo in Clementine
images but is mottled in high-resolution LROC images [2].
Figures 7 and 8 indicate that the unit has rather low nTB
values at daytime and midnight, especially at 3.0 GHz maps.

The regions with low nTB apparently form an incomplete
ring, coinciding well with its terrain. But, several regions
around (127.3∘E, 72.3∘S), (129.0∘E, 75.3∘S), (134.4∘E, 71.6∘S),
and (143.0∘E, 75.2∘S) present the relatively higher nTB than
their vicinities. Combined with the topography map, such
regions are slopes originating to the solar illumination,
indicating the strong influence of the topography on the
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Figure 10: Emissivity maps of Schrödinger basin.

nTB. Even so, much more regions of the unit show con-
siderably low nTB values, implying that the material of the
unit can be represented by the low MTE feature. Zheng
et al. [15] and Meng et al. [24] proposed that the low
MTE is directly related to the low (FeO +TiO

2
) abundance

(FTA). This means that the material of the unit will be
severely low in FTA. Figure 10 indicates that the unit has
a low emissivity, indicating a high density of the material
in this unit combined with the relationships expressed by
[25].

Unit INsr includes the materials that form the topo-
graphic rim crest and the interior wall of Schrödinger basin.
But the nTB in the unit is heavily impacted by the surface
topography. At daytime, the nTB in the north interior wall
is lowest within the study area, while the south interior wall
indicates the highest nTB. A similar phenomenon occurs
in the nighttime nTB maps. Such phenomenon also exists
in Tycho crater [26, 27], indicating the cold and hot TB
anomalies over the lunar surface. This makes it difficult to
recognize the MTE features of the material in this unit.

3.2. Schrödinger PlainsGroup. Thefloor of Schrödinger basin
is identified as five plains-forming units, including the rugged
plains material (INsrp), hummocky plains material (INshp),
the lower member of the smooth plains material (Isspl), the

upper member of the smooth plains material (Isspu), and the
knobby plains material (Iskp) [2].

Unit INsrp is mainly distributed outside of the peak
ring, which is stratigraphically the oldest plains material
on the basin floor. The unit shows relatively higher nTB in
the northern, western, and southern parts, while the nTB
changes greatly from north portion to the south and with
frequency. The great change of the nTB performance makes
it difficult to recognize the MTE features of the material in
this unit.

Unit INshp occupies much of the basin floor along the
northern and western walls, and in the south where the
peak ring is most discontinuous. The nTB and emissivity
performances of the unit are similar to that of unit Insrp in the
close areas, indicating the uniformity of the materials MTE
features in the two units.

Unit Isspu primarily occurs in the center of Schrödinger
basin, which presents as lower and slightly less cratered than
unit Isspl. Interestingly, the unit has the second highest nTB
within the basin floor, which is just lower than the regions
with enhanced solar illumination. This indicates that the
unit can be represented by the high MTE feature and the
material here is fairly high in FTA. Figure 10 indicates that the
emissivity is high here, indicating a relatively lower density of
the material in this unit.
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Unit Isspl is found just inside the peak ring, displaying
moderate to high albedo with a small number of superposed
craters. Interestingly, nearly in all boundaries between this
unit and unit INspr, the nTB and emissivity differences
are not clear. A similar phenomenon also occurs in the
boundaries between this unit and unit Isspu. Generally,
Figure 10 indicates that the emissivity inmost part of the unit
is similar to that in unit Isspu, implying the uniformity of the
densities of the materials in two units.

Unit Iskp is located along the southern basin wall with
fairly high albedo. The nTB distribution of the unit is
obviously affected by the surface topography, which is higher
in the southern portion near the south interior wall but lower
in the northern portion. Even so, the nTB is lower than the
nearby regions along the same latitude, indicating that the
unit should be represented by the lowMTE feature.Moreover,
the nTB and emissivity performances of the unit are similar to
that of unit Inspr in the close areas, indicating the uniformity
of the materials MTE features in the two units.

3.3. Schrödinger Volcanic Formation. Volcanic materials are
concentrated in the northern and eastern parts of the basin
inside the peak ring.The formation ismade up of four patches
of dark plains materials unit (Isdp) and dark mantle material
unit (Elsdm) [2].

The largest patch of unit Isdp is mainly located along the
northern part of the peak ring, and other three patches of this
unit are located around unit EIsdm.Theunit displays smooth,
relatively featureless, low-albedo surfaces. But, not only at
nTB maps but also at emissivity map is the difference between
this unit and unit Isspu not clear, indicating the uniformity of
the materials MTE features in the two units.

Unit Elsdm is located in the southeastern part of the basin
floor within the peak ring, which has a relatively smooth,
lightly cratered surface with low albedo. There exists an
ovoidal cone, which has been identified as the source of
pyroclastic eruptions [7, 28]. In nTB and emissivity maps, the
values in this unit are apparently lower than the nearby unit
Isspu, particularly at 3.0 GHz channel, while the nTB values
are apparently higher than those in unit INspr. This not only
indicates the difference of the materials MTE features in these
regions, but also hints at the applicability of the CELMS data
in the high latitude regions.

4. Geological Applications

Figures 7 and 8 postulate a new view about the geological
units in Schrödinger basin.

4.1. Potential Geological Applications. The nTB behaviors
present a distinctly different view about Schrödinger basin
compared to the visible images.

To basin materials formation, unit INspr indicates the
low nTB and emissivity values, hinting the existence of the
materials with high density.

To plains formation, the difference between units INsrp
and INshp is not clear both in nTB maps and in emissivity
maps. Though the nTB and emissivity values change greatly

Figure 11: Samples for statistics.

from the south to north part of the basin, they show identical
features in the close regions. Thismeans the uniformity of the
materials in the two units.

Also, the difference between units Isspl and Isspu is
not clear, indicating the uniformity of the materials in
the microwave range. Additionally, the nTB and emissivity
performances make it difficult to identify theMTE features of
units INsrp and INshp, but the emissivity values in unit Isspl
are apparently higher than those in unit Insrp in the southern
part of the basin floor, indicating that the materials in units
Isspl and Isspu are different from units INsrp and INshp.

To volcanic formation, unit Isdp is hard to identify from
the unit Isspu in the nTB and emissivity maps. That is,
units Isdp and Isspl indicate the similar nTB and emissivity
performances as unit Isspu, indicating the uniformity of the
materials in the three units in microwave range.

Here, unit Elsdm indicates the special nTB and emissivity
performances compared to the other units. The material
here is identified as the dark mantle deposit or pyroclastic
deposit [2, 29]. Thus, the nTB and emissivity maps indicate
the special thermophysical features of the deposits in high
latitude regions.

To better understand the previous expression, the special
regions mentioned above are sampled in Figure 11 and the
corresponding statistics are presented in Table 1.

Table 1 indicates a small difference in nTB values among
the geological units, indicating some interesting information
about the geological units as follows. First, unit INsrp
represented by Positions 2 and 9 has the highest nTB values.
Interestingly, unit INshp represented by Positions 4, 6, and 11
has similar statistics to unit INsrp. Second, unit Isspu repre-
sented by Position 1 is lower than that in unit INsrp. Third,
unit Elsdm represented by Position 5 has the third highest
nTB values. Fourth, unit INspr represented by Positions 3 and
7 apparently has the lowest nTB values. Finally, the change of
the nTB with frequency in unit Isspl represented by Position
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Table 1: nTB statistics of samples at daytime.

Frequency 3 GHz 7.8GHz 19.35 GHz 37GHz
Position Mean Std Mean Std Mean Std Mean Std
2 1.0071 0.0020 1.0124 0.0041 1.0177 0.0025 1.0147 0.0034
4 1.0041 0.0008 1.0068 0.0012 1.0082 0.0012 1.0105 0.0017
6 1.0092 0.0010 1.0119 0.0019 1.0120 0.0014 1.0141 0.0020
9 1.0001 0.0054 0.9994 0.0063 0.9997 0.0072 1.0003 0.0074
11 1.0023 0.0095 1.0025 0.0122 1.0013 0.0090 1.0061 0.0069
1 1.0064 0.0016 1.0076 0.0018 1.0078 0.0024 1.0086 0.0036
5 0.9989 0.0018 0.9960 0.0044 0.9973 0.0031 0.9965 0.0046
0 0.9759 0.0027 0.9545 0.0063 0.9596 0.0030 0.9498 0.0034
3 0.9719 0.0066 0.9518 0.0149 0.9542 0.0120 0.9410 0.0172
7 0.9762 0.0055 0.9511 0.0101 0.9555 0.0065 0.9421 0.0080
8 0.9712 0.0069 0.9609 0.0114 0.9630 0.0089 0.9447 0.0120
10 0.9562 0.0060 0.9651 0.0105 0.9640 0.0082 0.9517 0.0102

8 is similar to that of unit INsrp, indicating the difference in
material MTE features. Combined with the emissivity map,
unit Isspl is consistent with unit Isspu.

Therefore, a new geological understanding about
Schrödinger basin can be obtained based on nTB and
emissivity maps and statistics of sample regions (Table 1).
Here, at least in microwave range, the basin floor can
be categorized into four geological zones. The first zone
comprises the previous units INsrp and INshp. The second
zone comprises the previous units INspr and Iskp. The third
zone includes the previous units Isspl, Isspu, and Isdp. And
the fourth zone is unit Eldsm.

The new geological understanding also means that
though the surface features are not identical for the nearby
geological unit, the MTE parameters of the materials are
consistent. However, the strong topographic effect and the
rather small nTB differences among the geological units hint
that the CELMS data are not suitable to study the regolith
thermophysical features and the mare volcanism in high
latitude regions.

4.2. nTB Anomalies. At least four nTB anomalies occur in
Schrödinger basin. Two anomalies are hot, which mainly
include the southern interior wall and the central part of the
basin floor. The other two are cold, including the northern
interior wall and unit INspr.

Hot and cold TB anomalies are always an interesting
topic in the current lunar study [12, 15, 19, 27, 30, 31], but
the causes for the cold anomaly have long been in intense
debate. Gong and Jin [32] and Hu et al. [12] attributed the
hot and cold TB anomaly to the existence of the rocks. But
Salisbury and Hunt [33] and Meng et al. [27] thought that
the surface topography and its orientation are the decisive
factors for TB anomaly. The nTB behaviors in Schrödinger
basin apparently prove the latter explanation, because the
cold nTB anomaly in the northern interior wall obviously
resulted from the deficiency of the solar heating in a day, while
the hot anomaly in the southern interior wall is apparently
brought by the enhanced solar heating. Moreover, combined
with the simulation results, the hot anomaly in the regions

around (127.3∘E, 72.3∘S), (129.0∘E, 75.3∘S), (134.4∘E, 71.6∘S),
and (143.0∘E, 75.2∘S) also validates the strong influence of the
solar heating on the anomaly of this kind.

However, there also exists another kind of hot and cold
anomaly.

Firstly, in the central and southern parts of the basin
floor, the nTB is high no matter at daytime and at midnight,
indicating a hot anomaly here. A similar phenomenon also
exists in the basin floors of Orientale, Hertzsprung, and
Crisium [13, 18, 20]. Using the theoretical model and the CE-
2 CELMS data, Meng et al. [13, 20] attributed the hot TB
anomaly to the probably warm substrate.

However, to verify the conclusion, the influence of the
surface topography and regolith composition must be elim-
inated at first. Interestingly, the emissivity maps and the
topography both indicate a relatively flat surface in this
region, indicating the negligible impact of the topography.
Moreover, Meng et al. [24] and Hu et al. [12] suggested the
strong influence of the ilmenite content on the local TB.
Similar findings are also proved by the observed CELMS
data in Mare Imbrium and Orientale, where the mare basalts
with higher ilmenite content indicate a higher TB at daytime
[11, 20]. The regolith in these regions is more mafic than the
nearby regions [2], but the nTB behaviors are opposed to
the simulation results by Meng et al. [24] and Hu et al. [12]
and observations in Mare Imbrium and Orientale [11, 20].
Thus, the regolith composition also cannot interpret the hot
anomaly.

Again, the only left cause for the hot nTB anomaly is the
warm substrate.

Additionally, Lu et al. [34] found two apparent mascons
in the central and south parts of Schrödinger basin. The
formation of the mascons is always related to the volcanic
activity in lower crust or upper mantle [35, 36]. Thus, the
existence of the two mascons hints at an ever-existing strong
volcanic activity in the deep lunar crust in Schrödinger basin.
What is more, there occur abundant fractures in the basin
floor, some of which have been proved to be related to the
volcanic activity in depth [10]. This is a new evidence of the
ever-existed strong tectonic activities in Schrödinger basin.
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The hot anomaly, the abundant fractures, and the occur-
rence of the mascons indicate a new view about the vol-
canic activity in Schrödinger basin. This may provide some
interesting information about the formation of the SPA basin
and the mare volcanism of the lunar farside, deserved to be
further studied with more sources of data in future.

Secondly, in unit INspr, the nTB is always lower than
the nearby units, while the solar illumination here is not
apparently lower than the nearby regions, indicating the
existence of a cold anomaly here. The causes for the low nTB
anomaly are still under debate until now.

First, the cold anomaly is obviously not related to the
surface topography, for it is widely distributed in the peak
ring. Some regions of the peak ring are originating to the solar
illumination, while the nTB here is still rather low.

Second, Gong and Jin [32] and Hu et al. [12] suggested
that the rock abundance is responsible for the cold anomaly
at night using the theoretical model. They also suggested
that the cold anomaly at night should be a hot anomaly at
noon. But the nTB here is low both at daytime and at night,
indicating that the rock abundance does not interpret the cold
anomaly.

Third, Hu et al. [12] thought the ilmenite content is one
of the main causes for the TB anomalies found in the CELMS
map.Also,Meng et al. [13] evaluated the relationship between
the nTB performances in the cold anomalies surrounding
Mare Crisium and the corresponding rock abundance and
ilmenite content, and the results also hint that a special
material with rather low ilmenite should also be responsible
for the cold anomaly. Furthermore, the TB behaviors around
Copernicus crater verified that the cold anomaly is likely
brought by a special material with rather low ilmenite content
[37].

That is, the composition should undertake themain cause
for the low nTB anomaly.

Therefore, the existence of the cold nTB anomaly in unit
INspr indicates that the source material, pyroxene-bearing
anorthosite [28], is probably an important cause for the cold
anomaly of the lunar surface, which also deserved to be
further studied in future.

Onemore phenomenon should be paid attention to. Such
cold anomaly is not only limited in unit INspr. The crater
ejecta in the southwest part of the basin floor and just inside
the peak ring also shows low nTB and emissivity values as
unit INspr, even if the regions are close to the southern
interior wall. Additionally, the nTB and emissivity in unit
Iskp are apparently lower than the vicinity along the same
latitude, indicating that the material in this unit should be
represented by low values. The nTB and emissivity in the
northern part of unit Iskp are also similar to unit INspr.
The crater ejecta represents the materials from the depth
layer.Therefore, combined with the previous discussions, this
phenomenon means that the materials in the depth layer
of the basin floor excavated by the crater are similar to the
peak ring. This is helpful to better understand the formation
of Schrödinger basin and even the SPA basin according
to the crater formation mechanism, which deserves to be
further studied with more sources of data and even in situ
observations.

5. Conclusions

In this paper, the nTB maps derived from CE-2 CELMS
data were systematically used to study the microwave ther-
mophysical features of Schrödinger basin, which give some
different aspects compared to the previous understandings.
The main results are as follows.

(1) The geological units are reevaluated with the CE-2
CELMS data and the statistics of typical regions, which shows
a different geological perspective compared to the visible
results.

(2) The nTB anomalies in the interior basin wall indicate
the strong influence of the topography and its orientation.

(3) The hot nTB anomaly in the basin floor indicates the
likely warm substrate. Combined with the existence of the
mascons and abundant floor fractures, the strong tectonic
activity should ever exist in Schrödinger basin, which will
be helpful to improve understanding the formation of the
Schrödinger basin and even the SPA basin.

(4)The cold nTB anomaly in unit INspr indicates that the
pyroxene-bearing anorthosite is probably an important cause
for the cold anomaly over the lunar surface.

Generally, the CELMS data are feasible to study the ther-
mophysical features of the geological units in high latitude
regions to some extent, which will expand our knowledge
about the south and north poles. However, the surface
topography strongly alters the TB and nTB performances,
and more work should be done to further understand the
important findings in this study.
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Measurements of the disk-integrated brightness temperature of the Moon at 89, 157, 183, and 190 GHz are presented for phase
angles between -80∘ and 50∘ relative to full Moon.They were obtained with theMicrowave Humidity Sounder (MHS) on NOAA-18
from 39 instances when the Moon appeared in the deep space view of the instrument. Polynomials were fitted to the measured
values and the maximum temperature and the phase angle of its occurrence were determined. A comparison of these results with
the predictions from three different models or rather parametrical expressions by Keihm, Mo & Kigawa, and Yang et al. revealed
significantly larger phase lags for the lower frequencies in the measurements with MHS. As the Moon has appeared thousands of
times in the field of view of all microwave sounders combined, this investigation demonstrates the potential of weather satellites
for fine tuning models and establishing the Moon as extremely accurate calibration reference.

1. Introduction

In the year 1998 the first member of the fifth generation of
satellites for Earth observation on polar orbits was launched
by the National Oceanic and Atmospheric Administration
(NOAA): NOAA-15. It carried two new microwave instru-
ments, viz., AMSU-A and AMSU-B (Advanced Microwave
Sounding Unit-A/B). When analyzing the data of AMSU-A,
it became apparent that the calibration of this instrument
is occasionally corrupted by the presence of the Moon in
its field of view [1]. This is because AMSU-A points during
every scan not only at Earth but also at an internal calibration
target (ICT) of known temperature and into deep space.
An interpolation between the counts from either reference
source allows the calculation of the flux received from the
Earth scenes. Sometimes it happens that the Moon is at the
very position in the sky where AMSU-A or –B is observing
space as cold reference for calibration (see Figure 1). As the
instrument receives in this case the radiation of the Moon on
top of the cosmic background radiation, it produces too high
an output signal, which causes on its part a too low value for
the gain of the receiver.

Mo & Kigawa [1] derived an effective brightness tem-
perature (TB) of the Moon as a function of phase angle
from the intrusions of the Moon in the deep space view
(DSV) of AMSU-A on NOAA-18. Their (4) is a rather rough
approximation, where the disk-integrated TB is the same
for all frequencies, and it reaches its maximum value at
full Moon. Since the 1960s, however, it is known that the
maximum temperature of the Moon as measured in the
wavelength range between 0.4 and 9.6 cm, corresponding to
the frequency range 75-3.1 GHz, has a significant phase shift
[2]. It is due to the fact that the radiation does not originate
in the top layer of the surface, but it is rather emitted from
a depth of tens of cm, where the heating from the Sun is
delayed. AMSU-A covers a frequency range of 23.8–89 GHz;
i.e., the phase shift found with ground-based observations of
the Moon should be present in the data from the satellite as
well.

Yang et al. [4] carried out a similar investigation with the
Advanced Technology Microwave Sounder (ATMS) on the
SNPP (Suomi National Polar-orbiting Partnership) satellite.
They found a somewhat different relationship between phase
angle and brightness temperature, which they assumed to
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Figure 1: Pointing direction of the deep space view (green) compared to the celestial equator (red) and the ecliptic (blue). The slight tilt of
the Moon’s orbit against the ecliptic and of the orbital axis of the weather satellite against the equator is not shown for the sake of simplicity.
The DSV points some 75∘ away from nadir—angle 𝛼 in (3)—and describes a circle in the sky during an orbit of the satellite. When the Moon
touches this circle, it appears in the DSV [3].

reach its maximum, however, again at full Moon. An impor-
tant detail of these investigations is that the observations
of the Moon were limited in both cases to phase angles 𝜑
between -75∘ and -60∘ relative to the full Moon.The reason is
that both NOAA-18 before the year 2008 and SNPP crossed
the equator in northern direction at about 13:30 local time. As
the Moon can only appear in the DSV when it is positioned
close to the orbital axis of the artificial satellite and more than
90∘ away from the Sun, the equator crossing time puts a tight
constraint on the phase angles suitable for observation. This
is shown schematically in Figure 1.

NOAA-18 changed its local equator crossing time
between the years 2008 and 2018 by more than six hours.
This peculiarity makes it possible now to calculate the
brightness temperature of the Moon over a range of phase
angles larger than 125∘ by analyzing its intrusions in the
DSV of MHS (Microwave Humidity Sounder) on this
satellite. As these measurements were carried out with both
waxing and waning Moon, they allowed determining the
phase angle of maximum brightness temperature with high
accuracy for all channels of MHS, i.e., 89, 157, 183, and 190
GHz.

2. Materials and Methods

2.1. Identification of Moon’s Presence in the Centre of the
DSV. The first step on the way of calculating the brightness
temperature of the Moon was to find its intrusions in the
DSV of MHS on NOAA-18. Compared to other microwave
sounders and other satellites, this one is particularly suited
for this purpose because of the following reasons:

(i) MHS on NOAA-18 is recommended by FIDUCEO
(http://www.fiduceo.eu) (FIDelity and Uncertainty of
Climate data records from Earth Observations) and
GSICS (https://gsics.wmo.int/en/welcome) (Global
Space-based Inter-Calibration System) for use as
reference instrument. Systematic calibration errors of
other instruments are identified by comparison to this

one.Thismeans that the photometric stability ofMHS
on NOAA-18 is very high.

(ii) NOAA-18 was launched on May 20, 2005. All chan-
nels of MHS on this satellite worked flawlessly until
20 October 2018, when the scan mechanism failed.

(iii) As mentioned above, NOAA-18 turned from an after-
noon to a morning satellite. This means that NOAA-
18 provided data from a large range of phase angles
around full Moon.

(iv) MHS has a smaller field of view than AMSU-A and
therefore achieves a better signal-to-noise ratio with
its observations of the Moon.

The method for identifying the Moon intrusions in the
DSV was described in detail in Burgdorf et al. [5]. It starts
with calculating the minimum distance between the pointing
direction of the DSV and the position of the Moon for all
orbits of the whole mission with a program called mhscl
that is part of AAPP (ATOVS [Advanced TIROS {Television
and Infrared Observation Satellite} Operational Vertical
Sounder] and AVHRR [Advanced Very High Resolution
Radiometer] Pre-processing package). In the first step, events,
where this distance is a small fraction of a degree, are
selected. There is an uncertainty, however, of about 0.3∘ in
the calculated pointing direction and a discrepancy of similar
size in the alignment of the different channels [6]. Hence, in
the second step, we have taken advantage of the fact that in
every scan there are four measurements of the signal from
deep space at slightly different directions, each of them with
its own “light” curve, i.e., the signal s as a function of time t
as the DSV moves over the Moon in the cross-scan direction
(see Figure 1 in [6]). Considering those intrusions, where
the Moon gave the maximum signal in the DSV pixel with
number n = 2 or 3, and identifying those instances, where it
gave almost the same signal in the neighbouring DSV pixels
n-1 and n+1, we obtained a collection of events, where the
Moon came closer than 0.1∘ to the centre of DSV n.This way
we made sure that the maximum signal was measured with

http://www.fiduceo.eu
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Figure 2: Moon intrusion event in different deep space views on 15
November 2010, with channel H1 of MHS on NOAA-18; blue: DSV
1; black: DSV 2; red: DSV 3; green: DSV 4. Top: angle betweenMoon
and space view as calculatedwith AAPP. Bottom: space view counts.
The time is given in seconds after 17:23 UT, the time of the first scan
in the raw data file (level 1b). The angles calculated with AAPP are
not quite accurate, and this is whyDSV 2 gives a slightly larger signal
than DSV 4 [7].

the Moon always at the same position in the beam pattern
(see Figure 2).

2.2. Evaluation of the “Light” Curve Produced by the Presence
of the Moon in the DSV. The “light” curve can be well fitted
with a Gaussian in MATLAB (see Figure 3):

𝑠 = 𝑎𝑒−((𝑡−𝑏)/𝑐)2 (1)

where a is the amplitude, b is the centroid (Moon closest
to centre of DSV), and c is related to the peak width. The
relationship between c and the full duration at half maximum
(FDHM) of the intrusion of the Moon in the DSV is

𝐹𝐷𝐻𝑀 = 2√ln 2𝑐 (2)

a is the number of counts when the Moon is closest to the
centre of the beam.

As the reference sources used for calibration—the inter-
nal blackbody and the cosmic microwave background—are
quite extended, while the Moon fills only a fraction of the
field of view of MHS, it is necessary to know the beam size
with high accuracy.The full width at halfmaximum (FWHM)
has been measured during the ground tests of MHS at DASA
with an alleged accuracy of 0.01∘, according to [8]. Employing
these values in the calculation of the brightness temperature
of the Moon, however, produces discrepancies between the
sounding and the window channels too large to be explained
by the differences in frequency (theFWHM claimed byDASA
implies a maximum disk-integrated 𝑇𝐵𝑀𝑜𝑜𝑛, i.e., soon after
full Moon, of only 210 K at 183 GHz). We have therefore
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Figure 3: Moon intrusion event in deep space view 3 on 29
September 2018 (last Moon intrusion considered), with channel H1
of MHS on NOAA-18; blue dots: measured signal from each scan;
red line: Gaussian fit to the measured points. The “light” curve
resembles very closely a Gaussian.

determined 𝐹𝑊𝐻𝑀𝑐ℎ for each channel of MHS from the
width of the Gaussians fitted to the “light” curve of the
Moon intrusions in the DSV. The relationship between these
physical quantities is

𝐹𝑊𝐻𝑀𝑐ℎ = 360
∘ ⋅ 2 ⋅ √ln 2 ⋅ c ⋅ cos 𝛼

𝑃 (3)

The elements of this equation are defined as follows:

(i) 𝛼 = angular distance between the pointing direction
of the DSV and the orbital plane of NOAA-18 (72.1∘
for pixel 1, 73.2∘ for pixel 2, 74.3∘ for pixel 3, 75.4∘ for
pixel 4, the orientation of theDSV is always away from
the Sun, see Figure 1);

(ii) P = orbital period of NOAA-18 (6078 sec).

Equation (3) is basically the same as the second equation in
[9], with an orbital angular velocity of 360∘ cos𝛼 / P and the
peak width replacing the channel displacement.

We assume in the following that the beam of MHS is
rotationally symmetric; i.e., that the FWHM we have deter-
mined in the cross-scan direction is the same as the FWHM
in the scan direction, which one cannot determine with
high accuracy from the Moon intrusions. This assumption is
justified by the characterization of the shape of the beam that
was carried out on ground [8].

Equation (3) might slightly overestimate 𝐹𝑊𝐻𝑀𝑐ℎ,
because the Moon is an extended source and has therefore
a longer presence in the DSV than a point-like object. As
the diameter of the Moon is less than half the FWHM (or
Θ3𝑑𝐵, as it is called in the reports of the ground tests) of
the beam of MHS (see Table 1), however, and the origin of
its flux is concentrated in the warmest region of its surface
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Table 1: Antenna performance—space view—centre frequencies (values from [8], except for the last column, where values were calculated
for a point-like lunar emission and, in brackets, a 𝐹𝑊𝐻𝑀𝑀𝑜𝑜𝑛 of 0.4∘).
Channel Ground test frequency [GHz] Beam efficiency Θ3𝑑𝐵[∘] (ground test) Θ3𝑑𝐵[∘] (Moon)
H1 89.3 0.941±0.001 1.09±0.01 1.20(1.13)±0.02
H2 157.3 0.997±0.001 1.03±0.01 1.09(1.01)±0.02
H34 184.3 0.971±0.001 1.05±0.01 1.25(1.18)±0.01
H5 190.6 0.961±0.001 1.05±0.01 1.27(1.20)±0.01

(see, for example, figures in [10]), any systematic error in (3)
must be small.We assume𝐹𝑊𝐻𝑀𝑀𝑜𝑜𝑛 =0.4∘ for the radiance
distribution of the lunar disk. This value is representative
for phases close to full Moon, at quarter Moon it would
be smaller. The values for (𝐹𝑊𝐻𝑀𝑐ℎ2 – 𝐹𝑊𝐻𝑀𝑀𝑜𝑜𝑛2)0.5,
i.e., the beam size after correction for the fact that it was
determinedwith an extended source instead of a point source,
are given in brackets in the last column of Table 1. Only
𝐹𝑊𝐻𝑀𝑀𝑜𝑜𝑛 ≈ 0.4∘ results in beam sizes that are compliant
with specifications (1.1∘± 0.11∘) for each channel. But whatever
the error of our value for Θ3𝑑𝐵 is, it is the same for all
measurements and does therefore not affect the ratio between
brightness temperatures at different phase angles.

2.3. Calibration of the Measurements Made with the DSV of
MHS onNOAA-18. As intrusions of theMoon in theDSV are
not suitable for the standard processing of data obtained with
MHS, we started the calculation of brightness temperatures
with the output signal expressed in digital counts that is
available in the level 1b database. A polynomial of degree
two was fitted to the counts from the DSV as a function of
time before and after the appearance of the Moon and then
used to calculate the counts that would have been obtained,
if the Moon had not been present, i.e., only from the cosmic
microwave background. These counts and the ones obtained
on the ICT in combination with the known temperatures of
the cosmic microwave background and the ICT were then
used to calculate a linear relationship between counts and
spectral radiance. A “cold load correction factor” of 0.24 K,
as given in the file mhs clparams.dat of AAPP, was added.
No warm load or band correction was applied, because they
were considered negligible on the basis of the values given
in AAPP. See [11] for a detailed discussion of these and other
instrumental effects.

The Gaussian is fitted to the light curve of the Moon
in counts from the DSV after subtraction of the “baseline”
with the polynomial determined in the previous step. This
way not only the contribution from the cosmic microwave
background is removed, but also the slightly variable thermal
emission from the mirror [12] and the platform. It can be
seen from Figure 2, where the raw counts before subtraction
of the baseline flux are plotted, that the in-orbit variations
are quite small and variable on time scales much larger than
the duration of the Moon intrusion. Every light curve we
used was carefully inspected for sudden jumps in the counts,
which, however, happened only very rarely.

The amplitude of the Gaussian fit is divided by the gain
of the relevant channel and the fraction of the field of view
covered by the Moon, under the assumption that the beam

can be described by a two-dimensional Gaussian function,
and the Moon moves through the centre of the pixel. In this
case the fraction of the beam covered by theMoon𝐹𝑐ℎ follows
from (1) by replacing time with distance from the centre of
the beam r and integration of the beam pattern over the area
covered by the Moon:

𝐹𝑐ℎ = 12𝜋 ∫
𝑟𝑀𝑜𝑜𝑛/𝑐

0

∫
2𝜋

0

𝑒−𝑟2/2𝑟 𝑑𝜔 𝑑𝑟 = − [𝑒−𝑟2/2]𝑟𝑀𝑜𝑜𝑛/𝑐
𝑟=0

(4)

2𝜋 is the value of the integral with upper border r = ∞.
Equation (4) is only valid at one point of the “light” curve:
its maximum. With 𝐹𝑐ℎ it is possible to calculate the spectral
radiance of the Moon:

𝐵𝑀𝑜𝑜𝑛] = 𝑎
𝐺𝜂𝐹𝑐ℎ + 𝐵

𝐶𝑀𝐵

] (5)

The elements of these equations are defined as follows:

(i) 𝐵]𝑀𝑜𝑜𝑛/𝐶𝑀𝐵 = spectral radiance of the Moon/cosmic
microwave background;

(ii) G = gain of the instrument in counts per unit of
spectral radiance;

(iii) 𝜂 = beam efficiency as measured on ground [8];
(iv) 𝐹𝑐ℎ = fraction of the beam covered by the Moon =
𝑒4 ln 2𝑟2𝑀𝑜𝑜𝑛/𝐹𝑊𝐻𝑀2𝑐ℎ − 1, derived from (2) and (4);

(v) 𝑟𝑀𝑜𝑜𝑛 = radius of theMoon as seen from the spacecraft
at the time of maximum signal.

𝐹𝑐ℎ, just like G and 𝜂, takes slightly different values with
different channels, except for three and four, which share the
same “quasi-optical” path in MHS.

Equation (5) contains a term to correct for the part of
the cosmic microwave background being blocked by the
Moon, when an intrusion happens. It is needed, because
the full microwave background was subtracted before the
amplitude a of the “light” curve was calculated; see Figure 3.
This way we make sure that 𝐵]𝑀𝑜𝑜𝑛 cannot be negative, even
in the hypothetical case of a Moon that does not emit any
microwaves.The resulting spectral radiance is then converted
to the brightness temperature of the Moon with an inverse
Planck function.

3. Results and Discussion

3.1. Brightness Temperatures as a Function of Phase Angle. The
brightness temperatures calculated with (5) and the inverse
Planck function are plotted as a function of phase angle in



Advances in Astronomy 5

−80 −60 −40 −20 0 20 40
180

200

220

240

260

280

300

320

340

Br
ig

ht
ne

ss
 te

m
pe

ra
tu

re
 (K

)

Phase angle (
∘
)

Figure 4: Disk-integrated brightness temperatures of the Moon for
different phase angles relative to full Moon at 89 GHz. Blue: (4) in
[1], green: (4) and Table II in [4], black: Keihm ([13], numbers from
web page and personal communication), and red: MHS on NOAA-
18, single measurements (dots) fitted with polynomial of order five.

−80 −60 −40 −20 0 20 40
160

180

200

220

240

260

280

300

Br
ig

ht
ne

ss
 te

m
pe

ra
tu

re
 (K

)

Phase angle (
∘
)

Figure 5: Disk-integrated brightness temperature of the Moon for
different phase angles relative to fullMoon at 157 GHz. Black: Keihm
([13], numbers from web page and personal communication);
red: MHS on NOAA-18, single measurements (dots) fitted with
polynomial of order five.

Figures 4–6. A polynomial of degree five was fitted to the
measured values and is shown together with the predictions
of three different models. These models are as follows:

(i) Keihm [13]: a lunar regolith model, including depth
and temperature dependencies of the relevant ther-
mal and electrical properties, whose brightness
temperatures are available on a web page (http://
lunar-model-brightness-temperatures.net) or by re-
quest.
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Figure 6: Disk-integrated brightness temperature of the Moon for
different phase angles relative to full Moon. Green: Equation (4) and
Table II in [4], 183.3 GHz, black: Keihm ([13], numbers for 183.3
GHz from web page and personal communication), red: MHS on
NOAA-18, 183.3 GHz, and cyan: MHS on NOAA-18, 190.3 GHz,
single measurements (dots) fitted with polynomial of order five.

(ii) Mo &Kigawa [1]: a simple expression for the effective
lunar surface brightness temperature for correcting
the lunar contamination in AMSU-A data.

(iii) Yang et al. [4]: a polynomial of degree two in cos𝜑,
similar to the one employed by Mo & Kigawa that
is based on observations from the Diviner Lunar
Radiometer Experiment and takes a wavelength-
dependent surface emissivity of the Moon’s disk into
account.

According to (4) in [1], the effective Moon brightness temper-
ature is the same for all channels of AMSU-A, i.e., in the range
23.8–89 GHz. As this assumption is certainly not valid for
higher frequencies [14], we have plotted the values from this
model only in Figure 4. The surface emissivity is, however,
a factor in (4) of [4] and was therefore calculated for both
channels that ATMS has in commonwithMHS, i.e., at 89 and
183.3 GHz.

The measured values for the brightness temperature in
different channels and at different lunar phases, shown as dots
in Figures 4–6, have uncertainties that can be calculated from
the random scatter around the polynomial fit. We obtained a
standard deviation of 3.2 K for the measurements in channel
1, 4.1 K for channel 2, 3.8 K for the average of channels 3
and 4, and 5.1 K for channel 5. These values are significantly
larger than the noise of the receivers alone [15], given the
fact that each point in the plots is the result of a Gaussian
fit to measurements from about 100 different scans (see
Figure 3). But it is only the measurements near the centroid
that strongly constrain the amplitude of this fit, and even
small outliers in the raw data can introduce an error.

A correlation of the scatter of the measurements with the
liberation of the Moon or its distance from the Sun could not
be found. If such a dependency exists, it must be negligible
compared to the random uncertainty of the measurements.

http://lunar-model-brightness-temperatures.net
http://lunar-model-brightness-temperatures.net
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Table 2: Maximum brightness temperature of the Moon at different frequencies and the phase of its occurrence.

Source T89 [K] Φ89 T157 [K] Φ157 T183 [K] Φ183
Keihm 272±14 16∘ 290±15 10∘ 294±15 9∘

Mo & Kigawa 328 0∘ - - - -
Yang et al. 264 0∘ - - 255 0∘

MHS on N-18 288±4 24∘ 285±6 20∘ 303±5 11∘

3.2. Main Features of the Measurements with MHS on NOAA-
18 and Models. The relationship between the brightness
temperature of the Moon and its phase as given by the
measurements with MHS and the models is characterized
by two key quantities: the maximum brightness temperature,
averaged over the disk, and the phase lag between full Moon
and the occurrence of this maximum temperature. Table 2
gives an overview of these values.

The uncertainties of the measured brightness temper-
atures in Table 2 were calculated from the scatter of the
values for the diameter of the beam of each channel that
were determined from the Moon intrusions in the DSV
themselves, as explained above. The beam efficiency 𝜂, which
is an expression for the losses of the main beam due to side
lobes and which we took at face value from [8], contributes an
additional, systematic uncertainty to the brightness tempera-
tures measured with MHS. It should be less crucial than the
uncertainty of the beam width, however, because 𝜂 must be
close to one and does not enter the calculation of the radiance
in quadrature. The absolute uncertainty of the Apollo-based
model predictions was calculated on the basis of the estimate
given on Keihm’s web page.

All things considered there are no significant differences
between the maximum brightness temperatures obtained
with MHS and the model by Keihm [13]. The mathematical
expression given by Yang [4] for the maximum brightness
temperature of the disk-integrated Moon, however, is not
compatible with the values obtained with MHS on NOAA-
18 at 183 GHz, and the same is true for the estimate provided
by Mo & Kigawa [1] at 89 GHz.

With respect to the phase shift between full Moon and
the time of maximum microwave brightness temperature,
the measurements with MHS gave significantly higher values
than all models, except for the one by Keihm at 183 GHz. It is
noted that assuming a different beam diameter or efficiency
has almost no effect on the phase lags measured with MHS,
since they affect essentially all measurements the same way.
Because of the excellent stability of MHS on NOAA-18 [16],
the uncertainty of the phase lags is mainly due to the random
scatter of the measurements.

4. Conclusions

Our investigation has produced two major, new findings:
(1) The difference in beam size between the sounding

channels and H2 is almost ten times as large as
the value measured with the ground tests that were
supposed to demonstrate the compliance with the
requirements for MHS on NOAA-18. This is of par-
ticular relevance for the verification and check out

of MHS on Metop-C, which was launched on 7 Nov
2018, because it shows that the beam size has to be
verified in flight.

(2) The phase angle of the Moon, where the disk-
integrated brightness temperature reaches its maxi-
mum, is at the lower frequencies larger than each of
the models predicted, hence they do not reproduce
the difference between waxing and waning Moon
correctly. This is particularly relevant for the model
by Keihm, because it is supposed to be used for the
calibration of astronomical observations.

On top of that our investigation demonstrates that precise
measurements from weather satellites can provide useful
information also about objects other than Earth.

At 183.3 GHz, the frequency of the H2O absorption at
the 31,3 → 22,0 resonance, there is agreement within the
margins of uncertainty between the observations with MHS
and the model by Keihm. This confirms the validity of the
method employed to turn raw data from the deep space
view into brightness temperatures. By the same token it is
an additional proof for the existence of the microwave phase
lag, which is absent in those functions relating 𝑇𝐵𝑀𝑜𝑜𝑛 to
phase angle 𝜑 that are based on observations over only a
narrow range of phase angles at waxing Moon. One cannot
identify the phase angle of maximum brightness temperature
solely on the basis of the measurements presented in [1, 4].
The model by Yang et al., however, agrees with the values
given by Keihm in the range 𝜑 = -70∘± 10∘ and has the
advantage of a simple mathematical relationship between
brightness temperature and phase angle, which makes it
attractive for applications involving the processing of large
amounts of data from afternoon satellites. Such applications
are, for example, the removal of the contamination of the
counts from the DSV by the presence of the Moon or checks
of the stability of the photometric calibration [1, 4].Themodel
by Yang is based on actual measurements with ATMS at
phase angles between -75∘ and -60∘ relative to the full Moon.
Its very good agreement with the results we obtained with
MHS at the same phases is proof of the high accuracy of
the brightness temperature values achievable by analyzing
the Moon intrusions in the DSV of meteorological research
satellites. It also demonstrates the relevance of the Moon
for cross calibration, because it enables the detection of
biases between quite different instruments operating at quite
different times, a weighty prerequisite for studies of climate
change with satellite data.

The main strength of the observations of the Moon
with MHS lies in the determination of the microwave phase
lag effect and the corresponding asymmetry between the
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brightness temperatures of waxing and waning Moon. This
is because its characterization relies on differences between
measured fluxes and not their absolute values so that most
of the possible systematic errors, related, for example, to
properties of the beam, cancel out. The fact that the phase
lag found with the window channels of MHS is significantly
larger than the one predicted by the models suggests that the
thermophysical and electrical properties of the bulk regolith
are not identical with the values derived from the returned
Apollo samples.

This finding is important, because the Moon has been
used as calibration reference by a large number of astronom-
ical microwave projects, where assuming a wrong phase lag
causes systematic errors. Interestingly enough a two-week,
5% lunar phase-dependent error appeared in the calibration
of COBE (COsmic Background Explorer) at 53 GHz, when
the brightness temperature of the Moon was calculated with
Keihm’s model [17]. The uncertainty of the phase lag can
be reduced by analyzing more than the 39 intrusions of the
Moon in the DSV that are the basis of the numbers given in
Table 2.TheMoon appeared altogether 1566 times in the DSV
of MHS on NOAA-18 between May 2005 and October 2018,
and this number is similar for other satellites. The uncertainty
of the maximum brightness temperature of the Moon can
be reduced by analyzing data from more satellites: there
are five MHSs and three AMSU-Bs in orbit, and averaging
their measurements would significantly mitigate the impact
of systematic errors.

Taking advantage of the Moon as calibration reference
is not limited to the microwave range of the spectrum.
The Earth and the Moon are, for example, the only targets
observed during the cruise phase of Hayabusa2, which can
be used as calibrators for the TIR (Thermal InfraRed imager)
[18]. As there are numerous instruments on satellites for
Earth observation with mid-infrared channels, an accurate
characterization of the lunar radiance in the infrared could be
achieved by using a method analogous to the one described
in this article for MHS.
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China Chang’E-3 performed soft landing at the plains of Sinus Iridum on lunar surface on December 14th 2013 successfully; it
opened a new window for observing lunar surface with radiometric tracking whichmany lunar scientific researchers always pursue
for. Since July 2014, OCEL (Observing Chang’E-3 Lander with VLBI) project has been conducted jointly by IVS (International VLBI
Service of Geodesy and Astrometry) and BACC (Beijing Aerospace Control Center), a global IVS R&D network augmented with
two China Deep Space Stations configured for OCEL. This paper presents the current status and preliminary result of the OCEL
andmainly focuses on determination of the lander position, which is about 7 meter in height and 14 meter in plane of lunar surface
with respect to LRO (Lunar Reconnaissance Orbiter). Based on accuracy analysis, further optimized OCEL sessions will make use
of this target-of-opportunity, the Chang’E-3 lunar lander, as long as it is working. With higher accurate radiometric observables,
more prospective contribution to earth and lunar science is expected by combining with LLR.

1. Introduction

The Moon has always been a prime object of human space
exploration, as it holds the distinctions of being the nearest
remote celestial object to the earth. Since the first successful
spacecraft “lunar 2” reached lunar surface by Soviet Union
in 1959, more than 100 missions have been undertaken to
research the Moon [2]. In 1969, the Apollo program started
a new era for studying the Moon, such as determining
parameters of the lunar orbit, physical librations, interior
structure, and Earth-Moon dynamics [3]. Since then, LLR
(Lunar Laser Ranging) Operation has been conducted to the
retroreflector arrays at the Apollo 11, 14, and 15 sites plus the
French-built reflector on the Soviet Lunokhod 1 and 2. Two
sites, McDonald in USA and Grasse in France, conducted
most LLR [4]; especially, Grasse site can even do LLR in day
time and in new moon as well as in full moon days. The LLR
data collected has significantly contributed to a large scientific
domain [5–7].

LRM (Lunar Radiometric Measurement), including
Ranging, Doppler tracking and VLBI (Very Long Baseline
Interferometry), is another technique conducted in the
Moon research. Based on ranging measurement, the LLR
data is more sensitive to most of the dynamics, especially
the orbital motion of the moon. While earth-based VLBI
data has the potential to tie lunar movement to the inertial
celestial reference frame [8]. In fact, VLBI measurement to
radio beacon on lunar surface existed for less than five years
totally in the nearly 50-years-long history of LLR. Though
many suggestions and proposals were appealed [9, 10], none
came into application until China Chang’E-3 Lander landed
on plains of Sinus Iridum of lunar surface on Dec 14th, 2013.

In this paper, we will give an introduction and pre-
liminary analysis of the first LRM with China Chang’E-3
Lander. The paper is organized as follows: Section 2 gives a
review of LRM in history; introduction of OCEL (Observing
Chang’E-3 Lander with VLBI) project is given in Section 3;
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Section 4 discusses the preliminary result of OCEL; based on
the analysis and discussion, conclusion and suggestions are
given in Section 5.

2. LRM in History

The first earth-based radiometric measurement to lunar
lander could be recalled back to nearly 50 years ago, the
Apollo era [16]. NASA (National Aeronautics and Space
Administration) designed and launched the Apollo program
to land humans on the Moon and bring them safely back to
the earth [17]. With five of the successful Apollo missions,
ALSEP (Apollo Lunar Surface Experiments Package) was
carried out, which was designed to continuously monitor the
environment of each Apollo landing site for a period of at
least a year after the astronauts had departed [18]. Within a
set of scientific instruments, two research groups conducted
scientific experiment with radiometric transmitters of the
Apollo landers.

2.1. ALSEP Double-Differential VLBI Program. MIT (Mas-
sachusetts Institute of Technology) research group observed
ALSEP S-band radio transmitters by VLBI to improve deter-
mination of the positions of the ALSEPs and the parameters
governing the motion of the Moon about its center of mass
[19]. In the ALSEP Double-Differential VLBI program, a new
device, DDR (Differential Doppler Receiver), was installed in
six stations of NASA STDN (Spaceflight Tracking and Data
Network) to support the project [20].

Tracking stations observed at least two of the five ALSEPs
in each scan (Figure 1). Double differential observable is
sensitive to the relative position of the two ALSEP transmit-
ters, while is insensitive to other error sources, such as earth
troposphere’s effect on radio signal [21]. The program was
formally conducted from March, 1973, and the first scientific
result was based on observations conducted in about 130
days evenly distributed during the 16-month period. Based on
ALSEP Double-Differential VLBI program, the uncertainties
of the relative coordinates of ALSEP transmitter are 30m in
the radial direction and 10m in the transverse plane, and
values of lunar libration parameters have smaller uncertainty
than the solution with only LLR data [22].

2.2. ALSEP-Quasar VLBI Program. The program ALSEP-
Quasar VLBI was carried out by JPL (Jet Propulsion Labo-
ratory) to accurately tie the lunar orbit to the new inertial
quasar reference frame [23]. The program employed a “4-
antenna” technique [24], a large antenna at each end of
baseline observed the reference quasar, while smaller antenna
which was attached to the large dish observed ALSEP
(Figure 2). The advantage of 4-antenna technique is that
the differential interferometric phase of each source without
ambiguity for the length of the experiment is obtained;
then, the differential phase could be used to derive angular
separation between the reference quasar and the ALSEP
transmitters on lunar surface. The precision is comparable to
LLR, but is more sensitive in right ascension and declination
instead of range [25].

Slade [26, 27] conducted covariance analysis for combin-
ing LLR data and 19 △VLBI experiments over 37 months;
the 19△VLBI experiments constrained the parameters twice
as much as the 1600 laser range determinations over the
same time span. However, the ALSEP were terminated since
September 30th, 1977 [28]; then, no further reports about
LRM with ALSEP were published to public.

3. OCEL Project

3.1. China Chang’E-3. China Chang’E-3 (Figure 3) soft land-
ing on lunar surface is a key stone in CLEP (China Lunar
Exploration Program), which stands for perfect finish of the
phase II of CLEP [14, 29]. The X-band transmitter deployed
on the lander opened up a new window for observing lunar
surface with radiometric measurement from the earth.

Compared with LRM in Apollo era, precision of LLR has
increased from orders of decimeters to less than 2 cm [3, 30].
Errors in the coordinates of the lunar beacons of ALSEPs 14
and 15 on the other hand are closer to 1m, and ALSEPs 12,
16, and 17 may have errors as large as 30m [31]. Moreover,
during the past few years, lunar ephemeris has been improved
by nearly three orders, and a several-orders-of-magnitude
improvement of the variations in the Moon’s rotation has
been made [32]. It seems a big challenge to contemporary
LRM for benefiting the Moon scientific research.

Nevertheless, the Chang’E-3 lander as an ideal radiomet-
ric beacon on lunar surface is a chance many lunar scientific
researchers always pursue for. If the lander tracked accurately
from the earth, landed spacecraft can be positioned with
enough accuracy and would be useful for lunar geodesy [33].
Initially, observing X-band Chang’E-3 lander transmitter
with VLBI could tie the lunar orbit to ICRF accurately
[34]. An interesting fact about ALSEP is that, the original
proposal, though not adopted, about applying VLBI to study
theMoon byMIT is to deploy an X-band wideband (50MHz)
noise source as the beacon, and the scientific objectives
include determining the motion of the moon’s center of mass
against extragalactic radio sources [35]. Furthermore, the
lunar librations are currently mainly calculated with LLR
data, e.g., LLR data from 1970 to 2007 were used for the
computation of the JPL DE421 and librations after 2007 are
obtained by extrapolations [36]. As VLBI is more sensitive to
the transverse plane, it could benefit correction to the three
Euler angles which describe the lunar librations in principle,
especially the angle between the direction of the Moon
center to the Equinox and the intersection line of the Moon
equator and the Earth equator [37, 38]. Additionally, with
more accurate observable and enough tracking arc through
experiment schedule, LRMdata could be combinedwith LLR
data in many aspects on earth and lunar science, including
lunar ephemeris, lunar physics, and the Moon’s interior [39].

3.2. Observing Chang’E-3 Lander with IVS Stations. The
concept of OCEL (Observing the Chang'E-3 Lander with
VLBI) was firstly introduced in the 8th IVS (International
VLBI Service of Geodesy and Astrometry) General Meeting
in 2014. Following observing proposal which was jointly
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Figure 2: ALSEP-Quasar VLBI program by JPL [1].

drafted by BACC (Beijing Aerospace Control Center) and
IVS BonnCorrelator Center to theOPC (Observing Program
Committee) of IVS, OCEL was conducted by a global IVS
R&D network (involving networks with 7 to 12 worldwide
distributed IVS stations) (Figure 4) augmented with two
China Deep Space Stations since 2014. The three LRM
projects in history are compared in Table 1.

In the first 3-years observation (called phase I) of OCEL,
Sweden Onsala Observatory is responsible for the schedule
file where △DOR [40] mode is adopted, and the antennas

track the lander and compact extragalactic reference quasar
alternatively. In order to minimize the effect on other regular
geodetic observation, OCEL observation is scheduled within
IVS R&D session. The general scheduling strategy adopts
alternating observing blocks of primarily 30 minutes length,
where the observations are scheduled either geodetic obser-
vation or OCEL of each half an hour [41]. As strategies of
frequency set-up, we schedule reference quasar and system
attenuation changed across different sessions to find optimal
OCEL observing system characteristic. The first phase of
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Table 1: Comparison of different LRM.

Agency Tracking stations Target Frequency Band Observable Period & Span
ALSEP
Double-Differential
VLBI

MIT STDN (Spacecraft Tracking and
Data Network) 6 stations

ALSEP
12/14/15/16/17 S phase (delay) Mar 1973∼Jul 1974

more than 130 days

ALSEP-Quasar VLBI JPL
DSN (Deep Space Network) 3

stations
Plus 'Apollo' station of STDN

ALSEP
12/14/15/16/17 S Phase (delay) Sep 1974∼Sep 1977

19△VLBI

OCEL (phase I) IVS &
BACC

subsets of the IVS observing
network

totally 15 stations participate

Chang’E-3
Lander X group delay Jun 2014∼Dec 2016

12 sessions

Figure 3: Picture of Chang’E-3 lander by Yutu Rover.

Figure 4: Distribution of IVS stations participating in OCEL.

OCEL finished at the end of 2016 and totally 12 observing
sessions has been conducted successfully (Table 2). Taking
session rd1601 (OCEL09) as an example, Figure 5 shows the
quasar used for calibration and sky plot of station Onsala for
the schedule file.

4. Preliminary Results and Discussion

4.1. Processing Strategy. BSCS (BACC Software Correlator
System) is adopted for data correlation and fringe fitting

in BACC [42]. IVS Bonn Correlator Center deploys DiFX
[43] and CALC11 for computing apriority model of near
field target. The standard fringe fitting program used in
connection with geodetic correlators is the HOPS (Haystack
Observatory Processing Software) component “fourfit” [44],
and a refreshed version “fourfit-DOR” is developed which
extends the fringe fitting algorithm of “fourfit” to allow for
processing of DiFX correlation output of DOR tones [45].
△DOR theorem and application are widely discussed [15,

46]; inOCEL, geodetic observations with different systematic
frequency altered each half an hour, and the change in
channel parameter caused delay offsets. So each block with
continuous scans (usually half an hour) within a session is
calibrated separately, and meteorological data recorded in
tracking stations is used to improve the accuracy of apriority
atmospheric delay. After calibration with reference quasar,
observable of the lander is used for analysis.

4.2. Position Determination. Position determination of the
radiometric beacon is the foundation of scientific analysis.
The theoretical basis of estimating parameters with the
observables by weighted least-square fitting is widely dis-
cussed and adopted [47], and the state matrix of partial
derivativeswith elements ofVLBI is analyzed in detail [11, 48].

As VLBI observable is less sensitive to radial direction
(similar to X-axis), two strategies are induced to make the
results more stable and reliable. One approximate method
is that, as the area of the landing site with reliable height
information is deemed as flat, then a self-constrain strategy
is induced [36].

√𝑋2 + 𝑌2 + Z2 = √𝑋
0

2 + 𝑌
0

2 + Z
0

2 (1)

where 𝑋, 𝑌, 𝑍 are the 3-dimensional coordinates of the
lander and 𝑋

0
, 𝑌
0
, 𝑍
0
are the default coordinate values

from LRO (Lunar Reconnaissance Orbiter). The other more
reliablemethod is thatUXB (UnifiedX-Band) observables are
combined. In our analysis, one-hour arc of two-way ranging
observable fromKASHIDeep Space station is combinedwith
observables in OCEL to make position determination. The
reason is that ranging tracking is conducted continuously just
before Chang’E-3 soft landing, during EDL (Entry Decent
Landing) and the first one hour after landing on lunar
surface, so the ranging systematic error is stable during the
whole tracking arcs. The accuracy of orbit determination for
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Figure 5: ChangE’3 lander position and sky plot of Onsala within session rd1601.

Table 3: Correction of coordinates.

Observable type △X(m) △Y(m) △Z(m)
VLBI -501.954 -44.021 -32.299
VLBI+self-constrain 15.448 -3.231 -16.115
VLBI+Ranging 13.837 -2.483 -4.007

Table 4: Coordinates comparison.

Latitude(∘) Longitude(∘) H(m)
LRO 44.1214 340.4884 -2640
[11] 44.1188 340.4874 --
[12] 44.1219 340.4887 --
[13] 44.1213 340.4885 --
[14] 44.1206 340.4876 -2632
[15] 44.1189 340.4907 -2637.6
this paper 44.1210 340.4882 -2632.8

circular orbit is better than 20 meters, and the accuracy in
radial is in the order of meter (better than 5 meters) [48],
which could restrain ranging accuracy better than 5 meters
with systematic error removed. Besides, positioning result
of GSFC (Goddard Space Flight Center) by LRO is deemed
as a default value [12]. Table 3 shows the correction of the
lander coordinates in Principle Axis with different resolution
strategy.

The result is compared with other published results, as
listed in Table 4. Consistence of positioning results by remote
image matching is affected by the basic reference image

adopted, and it could be identified that literature [13] is a
little different from LRO/[49]/[50], as the reference image is
acquired by Chang’E-2.

Figure 6 shows the positioning results with maximum
ranging systematic error (5m) existed.Theheight varies about
3.46m caused by ranging systematic error, while tangent
plane on lunar surface is about 3.04m (Figure 6). The
difference of positioning results from LRO is about 7.2 meters
in height and about 14 meters in plane on lunar surface.

4.3. Data Process Analysis. Accuracy analysis of △DOR is
shown in literatures [51]. In phase I of OCEL, there is the
first observation for most IVS radio telescopes which are
set up almost exclusively for observations of faint signals of
natural radio sources, so adjustments of channel frequency
and bandwidth parameter setting up are sometimes being
carried on during the whole OCEL phase I. Based on our
analysis, main sources which deteriorate the accuracymay be
grouped into three general categories in OCEL.

The contrast in signal strength between reference quasar
and the lunar lander might be challenging for the receiving
system. Though the higher power signal of lander does not
saturate the VLBI-systems which adjust attenuation with
automatic gain control or with an experienced value, phase
offset may exist in an alternating scanmode for some stations
(Figure 7).

The phase offset will deteriorate group delay accuracy if
not compensated properly, so stations without PCAL (phase
calibration instrument) and sessions within which PCAL is
not active are not reliable for observable analysis.
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Figure 6: Comparison of positioning results with respect to ranging systematic error.

In OCEL, geodetic observations were carried out within
each session with half-an-hour interval. Geodetic obser-
vation of the first ten sessions was carried out with a
frequency set-up used in routine IVS-sessions, which was
different from lunar observation. The change in channel
frequency set-up caused delay offsets in some baselines
(Figure 8).

The systematic offset limits the length of tracking arc of
reference quasar used for parameter estimation, such as clock
offset, clock drift, and residual tropospheric delay, including
dry and wet component. In the case of reference quasar with
lower SNR within half-an-hour short arc, the reliability of
parameters estimated from reference quasar becomes lower,
which will deteriorate the accuracy of the lander observable
at last.

Besides, the SNR of reference quasar could also affect the
accuracy of lander observable through residual systematic
delay calibration. In OCEL, spanned bandwidth is less than
40MHz, compared with 720MHz in X-band of IVS general
sessions; a conservative angular sensitivity would be worse
by nearly 20 times. Higher SNRwill benefit accuracy of refer-
ence quasar and also will improve lunar lander observables
through △DOR. Statistics show that the random error of
observable is about 1ns inOCEL. Figure 9 shows X-band SNR
of reference quasar of all baselines in OCEL09, calculated
using the following equation:

𝛿
𝜏
= 1
2𝜋 ⋅ √(1/𝑁)∑𝑁

𝑖=1
(𝑓
𝑖
− 𝑓
𝑎V𝑒)2 ⋅ 𝑆𝑁𝑅

(2)

where 𝑓
𝑖
is the frequency of channel used for bandwidth

synthesis and 𝑓
𝑎V𝑒 is the average frequency.

Based on the experiment accuracy analysis, in order to
enhance the contribution to Earth-Moon scientific topics
where position accuracy better than 1 meter is needed [39],
both the processing strategy and observing mode would be
optimized. One of a prospective program is being researched.
In this case, sites with two geodetic antennas or more will
participate in the observation, such as Wettzell, Hartrao,
and Hobart, and one antenna observes the lander while
the other antenna observes a small angular-separated quasar
with stronger flux. Firstly, the phase-delay observable is
expected, which would improve the delay observable by
two orders. Secondly, phase fluctuation caused by frequency
standard could be eliminated if the two antennas share
common maser. Thirdly, while the lander and the reference
quasar with smaller separated angle are observed at the
same time, time-varied error could be calibrated as much
as possible. Last but not least, longer arc will be adopted
in schedule which will benefit the systematic parameter
calibration.
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Figure 7: Phase offset between the altering scans of station
NYALES20 inOCEL09. (In this case, the integration time is 1s, phase
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which equals 1.2ns offset in the group delay observable.)
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(In this case, from 19:00∼19:30 geodetic observation with different
frequency set-up is conducted, when system parameters change
back to OCEL observation, delay offset could be identified, most of
O-C belongs to station clock.)

5. Conclusions

Observing lunar surface with radiometric tracking is always
a pursuit in the field of Earth-Moon scientific since Apollo
era.The successful Chang’E-3 soft landingmakes it come true
after nearly 50 years. The first phase of OCEL has been suc-
cessfully conducted jointly by IVS and BACC. Performance
and ability of IVS geodetic tracking stations are evaluated,
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Figure 9: X-band SNR of reference quasar of all baselines in
OCEL09. (In this case, 4 channels corresponding to DOR tones
channel are used for bandwidth synthesis. Though designed SNR
value is 35dB, SNR from 7dB to 15dB takes up nearly 40%, and
most of lower SNR observables come from baselines combined with
station FORTLEZA.)

correlation and data reduction algorithm are also refreshed
for artificial satellite signals, and preliminary positioning
result which could be consistent in the magnitude of 15
meters is analyzed and discussed. With optimized observing
mode and processing strategy, further OCEL sessions will be
conducted to make use of this target-of-opportunity as long
as Chang’E-3 is working, which is expected to make progress
on earth and lunar science.
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Raw OCEL data could be available under the approval of the
project organizer.
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TheChang’E-2 (CE-2) four-channelmicrowave radiometer (MRM) datawith frequencies of 3GHz, 7.8GHz, 19.35GHz, and 37GHz
have been used to investigate the properties of lunar surface such as regolith thickness, dielectric constant, and titanium abundance
within a depth of severalmeters inmiddle and low latitudes.The purpose of thiswork is to take a close look atMRMdata in the polar
regions of the Moon and analyze the characteristics of the brightness temperature (TB) in permanently shadowed regions (PSRs),
especially where evidence of water ice has been found. First, the comparisons of brightness temperature values in the polar region
and in low latitudes show that (1) the periodic diurnal (day/night) variation of TB becomes weak in high latitudes since topography
plays a dominant role in determining TB in polar region and (2) seasonal effects are more recognizable in polar region than in low
latitudes due to the weak illumination condition. Second, even without direct sun illumination, significant seasonal variations of
TBs are observed in PSRs, probably caused by the scattering flux from neighboring topography. TB Ratio (TBR) between channel
1 and channel 4, which indicates the differences of TB at different depths of lunar regolith, is higher and shows stronger seasonal
variation in PSR than regions with direct illumination.Third, overall the distribution of high TBR values is in consistence with the
water ice distributions obtained by the Moon Mineralogy Mapper instrument, the LAMP UV spectra, and the Lunar Prospector
Neutron Spectrometer. The proportion of the summation over area with water ice proof in the regions of interest is 0.89 and 0.56
in south pole and north pole, respectively. The causes of the correlation of high TBR between different microwave frequencies
and stability of water ice deposits still require further investigation, but MRM data shows unique characteristic in PSRs and could
provide important information about the upper few meters of lunar regolith.

1. Introduction

Since Selene, Chang’E, Chandrayaan-1, and Lunar Recon-
naissance Orbiter have fulfilled their missions successfully,
more and more questions about the Moon appear. Whether
thewater ice exists in the lunar polar region is an essential one
among these problems since it has both important scientific
significance and potential application value as an important
resource for human beings in the future lunar explorations.

Watson et al. firstly put forward the idea of the possible
existence of the water ice in the permanently shadowed
regions (PSRs) on the Moon because of the small obliquity
and the large variation in topographic relief near the poles
[1]. However, Stacy et al. and Campbell et al. did not find any
evidence of water ice deposits in the lunar southern polar

region, using the ground-based radar system to image the
polar region [2, 3]. Nozette et al. found the presence of water
ice after analyzing theClementine bistatic radar data [4], but a
reanalysis showed that radar data were not well-documented
to demonstrate the existence of the water ice [5]. With the
Miniature Radio Frequency (Mini-RF) radar data, Spudis
discovered a different class of polar crater that exhibits high
circular polarization ratio (CPR) which may associate with
the presence of water ice [6]. However, Fa et al. found that
the enhanced CPR is probably caused by rocks rather than
ice deposits [7].

Analysis result from the Lunar Prospector (LP) neutron
spectrometer indicated abundant hydrogen, which cannot be
identified as water ice or other hydrogenated compounds,
existing in PSRs [8, 9]. In 2009, water was detected after
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the spacecraft of the Lunar Crater Observation and Sensing
Satellite (LCROSS) impacted the Cabeus crater [10]. In addi-
tion, Hayne et al. had shown the location of the anomalous
ultraviolet (UV) albedo consistent with water ice in the
southern polar region, based on the Lyman Alpha Mapping
Project (LAMP)UV spectra [11]. Recently, Li found the direct
evidence of the surface exposed water ice in the lunar polar
region with the Moon Mineralogy Mapper (M3) instrument
on the Chandrayaan-1 spacecraft [12].

Compared to infrared radiation, microwave signals origi-
nate fromdeeper layers and can reveal the physical properties
of lunar regolith [13]. The microwave observation of the
Moon started in 1946 [14, 15]. Then in Apollo era, a series
of microwave ground-based observations of the Moon was
made to obtain the physical parameters of the lunar surface by
simulating the brightness temperature (TB) with theoretical
models [16–22].

Lunar orbiters Chang’E-1 (CE-1) and Chang’E-2 (CE-2)
were launched in 2007 and 2010, respectively. Both carried
Microwave radiometer (MRM), which conducted passive
microwave remote sensing measurements to obtain the TB
of the lunar surface at 3, 7.8, 19.35, and 37 GHz (10, 3.84, 1.55,
and 0.81 cm wavelengths) [23]. The first microwave map of
the complete Moon wasmade by the CE-1MRMdata [24]. In
polar region, CE-1 TB map shows some cold patches, where
local temperature minima are independent of day and night
due to absence of direct illumination in PSRs [13]. MRM data
have also been utilized in inferring the properties of the upper
few meters of lunar surface in low and middle latitudes; e.g.,
the thickness distribution of regolith was retrieved using the
MRM data [25], the effective complex dielectric constant of
lunar regolith as a function of the depth at different frequency
channels [26], lunar (FeO + TiO

2
) abundance [27], rock

abundance, and others [28]. Also, people had studied basaltic
volcanism of the Moon with MRM data [29].

The purpose of this work is to take a close look at
MRM data in the polar regions of the Moon and analyze the
characteristics of the TB in permanently shadowed regions,
especially where plausible evidence of water ice has been
found.

2. Chang’E TB Data

CE-2 observation covered the entire Moon by seven times
and the local time coverage of the CE-2 data was over a
complete lunation [30]. The total effective time of MRM
data is 279818 min for 2401 tracks. The spatial resolutions
of CE-2 MRM are 25 km and 17.5 km for 3 GHz and
three remaining channels, respectively [31]. The absolute
temperature accuracy is less than 0.5 K over the temperature
range 100–350 K [30].

Note that MRM data have almost constant negative
biases from theoretical results probably due to the heat
contamination of cold reference antenna, but the variation
trend of TB is still available [32, 33].Themicrowave TB range
is set as 30K-400K TB and points outside this range are
considered as anomalous and excluded from this study [30].
Also, about ∼0.92% of the total tracks were removed due to

visible errors. Approximately 8,506,115 measurement points
were selected in this work.

3. Data Comparisons and Analysis

3.1. TB in Low Latitude andHigh Latitude. TheTBdifferences
are more significant between channel 1 and channel 4 com-
paring with the other two channels. In addition, TB data of
channel 2 contains a certain deviation from previous studies
[32]. Therefore, we extract the TB data of channel 1 (3 GHz)
and channel 4 (37 GHz) in the latitude zones 20∘ N/S, 80∘
N/S, and 85∘ N/S to analyze the changes of TB data during the
whole observation mission. The width of the zones was ± 0.1∘
in latitude. The observation date varies from Oct. 15, 2010, to
May 20, 2011. We analyze the TB in the daytime (6:00-18:00)
and nighttime (0:00-6:00; 18:00-24:00) in the latitude zones
20∘ N/S. Here, the “hour angle” is used to define the lunar
local time by Chan and Zheng [13, 24]. It is calculated from
the solar incidence angle, the azimuth angle, and the latitude.
The “hour angle” is converted into the “24-hour clock” local
time.

The TB data at different latitude and their corresponding
local time are shown in Figures 1(a)–1(g). In Figures 1(a)–1(d),
we could observe, in low latitude, the changes of TB of
channel 4 and channel 1 that are dominated by diurnal
variationwith lunar local time, although the diurnal variation
of channel 1 is smaller than that of channel 4. Because channel
1 signal originates in deeper subsurface layer than channel
4, it is less sensitive to the sunlight and more stable during
the lunation period. The effects of topography and physical
properties of regolith also cause the vibrations of TB at the
same local time, but they are masked by the effects of solar
incidence. To extract the physical characteristics of lunar
regolith or topography effects, the diurnal variation should be
removed, e.g., with spherical harmonics fitting as proposed in
[13, 30].The TB of channel 4 between February andMarch in
daytime is lower than that in nighttime mainly because of the
fact that TB in the early morning is lower than that after dusk
according to the result by Zheng [30]. The lunar local time
of the data observed between February and March is almost
around early morning (6:00 am to 8:00 am) and dusk (18:00
pm to 20:00 pm).

In Figures 1(a)–1(d), we also observe that the difference
between latitudes 20∘ N and 20∘ S is within the range of
5% and the seasonal variations can be barely seen. It can be
simply explained by the small obliquity of the Moon and the
geographic symmetry. The illumination condition is almost
the same between the southern and northern hemispheres in
the low latitude area.

When latitude reaches 80∘ N/S, the ranges of TB diurnal
variations largely reduce and are almost the same between
channel 1 and channel 4 because of the decreasing solar
illumination, as shown in Figure 1(e). TB variations caused
by topography and other factors are similar to or even larger
than diurnal variation. In high latitude, previously proposed
spherical harmonics fitting method has limitations to fit TB
variation curves and offset the changes of solar illumination
and extract lunar regolith properties [13, 30]. Influences of
topographic relief, scattering, and infrared radiation from
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Figure 1: The data shown in (a)–(g) is selected in the latitude zones 20∘ N/S, 80∘ N/S, and 85∘ N/S, respectively. The upper part of (a)–(d)
represents the fact that the TB of channel 1 and channel 4 varies during the whole observation period in daytime and nighttime at latitude 20∘
N ((a); (b)) and 20∘ S ((c); (d)), respectively.The bottom part of (a)–(d) shows the changes of lunar local time converted from “hour angle” of
the corresponding TB data. Lunar local time varies with date nearly uniformly, so data diagram represents the TB variations in a half lunation
cycle.The data shown in (e) represents the TB variations of channel 1 and channel 4 at 80∘ N and 80∘ S from top to bottom.The variations of
TB and TB ratio between channel 1 and channel 4 are shown in (f) and (g) at 85∘ N (f) and 85∘ S (g) from top to bottom.

distant interior sunlit crater walls, etc., should be considered
[34]. The trends of the TB variations in 80∘ N and 80∘ S are
still almost the same, just like that in the low latitude.

The upper part in Figures 1(f) and 1(g) shows the TB
variations at latitudes 85∘ N and 85∘ S, and the under part
shows the TB Ration (TBR) variations between channel 1 and
channel 4. Compared to low latitude area, the daytime and
nighttime TB data in 85∘ N/S are less distinguished.

In addition, TB and TBR variations in 85∘ N and 85∘ S
show opposite trends, especially the TBR. The TB increases
slowly with the date in the north and decreases slowly in

the south as shown in Figures 1(f) and 1(g). The reason for
the difference can be explained by the seasonal variations.
The seasonal variations of TB in high latitude are recog-
nizable because the seasonal changes of solar flux become
comparable to the day and night variations in high latitude,
while diurnal variation of solar flux dominates in low latitude
regions.

The lunar solar flux on flat surface at different latitude
from Oct 15, 2010 (start time of Chang’E-2 MRM data) to
Oct 15, 2011, was obtained from the ephemeris as shown in
Figure 2. We use the SPICE toolkit [35] with the geometry of
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Figure 2: The solar flux varies from Oct 15, 2010 (start time of Chang’E-2 MRM data) to Oct 15, 2011, at latitudes ±20∘ and ±85∘.

the Sun obtained from DE421 ephemeris [36] to generate the
solar illumination data. The monthly maximum lunar solar
flux varies from 158.1 W⋅m−2 to 81.1W⋅m−2 at the latitude 85∘
N and from 156.8 W⋅m−2 to 84.5 W⋅m−2 at 85∘ S; the value
varies from 1345.3 W⋅m−2 to 1248.2 W⋅m−2 at the latitude
20∘ N and from 1340.8 W⋅m−2 to 1257.3 W⋅m−2 at 20∘ S. The
relative change ofmonthly maximum lunar solar flux is larger
at high latitude comparing with that in low latitude. This
leads to the significant seasonal variations in high latitude and
diurnal variation is more recognizable in low latitude.

3.2. TB in PSRs and Non-PSRs of Polar Regions. Figure 3(a)
shows the TB and TBR in one of PSRs, Haworth Crater (-
1.3∘ E, 87.5∘ S), and the Non-PSR regions (150∘ E, 87.5∘ S)
in the same latitude, marked by the two green circles in
the upper part of Figure 3(a). Figure 3(b) provides another
comparison between PSR Amundsen Crater (92.3∘ E, 83.7∘ S)
and the Non-PSR region (105∘ E, 83.7∘ S) in the same latitude.
The center latitude and longitude of footprint of microwave
radiometer are selected within 0.25∘ to reduce contamination
from Non-PSR regions.

The time coverage of theMRMdata in observation region
is not enough to show clear diurnal variation. As shown in
Figures 3(a) and 3(b), the range of TB variations of channels 1
and 4 in PSRs is not smaller than that in non-PSRs, although
PSRs do not receive direct sun illumination and channel 1
TB is less sensitive to sun light than channel 4 TB due to
different skin depth. It means that the scattering flux and
thermal radiation play an important role in determining TB
in PSR. Another difference between PSRs and Non-PSRs is
the changes of TBR. The TBR increases rapidly with date
in PSRs while that almost stays the same in Non-PSRs. The
PSRs show anobvious seasonal variation.ThemaximumTBR
during the observation period in PSR is higher than those in
non-PSRs in the same latitude. Other comparisons between
PSRs and non-PSRs show similar results.

Although PSRs do not receive direct sun light, they are
still illuminated by the scattering flux and thermal radiations
from neighboring topography [34, 37], which have seasonal
variations at high latitude as shown in Figure 2. In addition,
the solar flux in PSR is much weaker than that in Non-PSR
due to topography relief, leading to much lower TB which
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Figure 3: TB and TBR variations in Haworth Crater (PSR crater: -1.3∘ E, 87.5∘ S) and Non-PSR crater (150∘ E, 87.5∘ S) in the same latitude
of Polar Regions; (b): TB and TBR variations in Amundsen Crater (PSR crater: 92.3∘ E, 83.7∘ S) and Non-PSR crater (105∘ E, 83.7∘ S) in the
same latitude. The data is selected during the whole observation period. The green circles in the base map show the regions we selected.
The base map is the Diviner annual maximum temperature map that varies from 30 K (black) to 345 K (white) in the Polar Regions
(https://ode.rsl.wustl.edu/moon/indexDatasets.aspx).

is more sensitive to fluctuation of solar flux. Furthermore,
although we select PSR with relatively large area to study
characteristics of TB, the contamination of Non-PSR is
unavoidable due to the large size of the footprint of the
CE-2 microwave radiometer, which also contributed to the
seasonal variations of TB in PSR. TB in channel 4 shows
significant seasonal variationswhile TB in channel 1 is relative
stable due to different penetration depth. Therefore, TBR
between channel 1 and channel 4 also shows significant
seasonal variations.

3.3. TB in PSR with Plausible Ice Evidence and Other PSRs.
We analyzed the TB and TBR data in PSRs with plausible ice

evidence and other PSRs in this section. Except for two large
PSR craters mentioned in the previous section, here we select
other three large PSR craters with plausible ice evidence and
one large PSR crater without water ice observation at present
[11, 12], considering the area of the PSR craters and the spatial
resolution of CE-2 MRM data [37]. The red dots in the base
map present the water ice distribution in the polar regions
constrained by M3, LOLA, and Diviner [12]. In Figure 4, the
green circle in the base map shows the regions we selected.

Even TB values are lower than 100K in all the observation
regions, andTBRof thosewith plausible water ice could reach
some high value such as 1.35, while the TBR varies from about
0.95 to 1.1 in Idel sonLCrater, PSR craterwithout the plausible

https://ode.rsl.wustl.edu/moon/indexDatasets.aspx
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Figure 4: The TB and TBR variations during the whole observation period in (a) Cabeus Crater, (b) Faustini Crater, (c) Weichert J Crater,
and (d) Idel son L Crater. The base map is the Diviner annual maximum temperature map that varies from 30 K (black) to 345 K (white) in
the Polar Regions (https://ode.rsl.wustl.edu/moon/indexDatasets.aspx).The red dots in the base map present the water ice distribution in the
polar regions constrained by M3, LOLA, and Diviner [12]. The green circle in the base map shows the regions we selected.

ice evidence. The TBR reflects the TB differences between
channel 1 and channel 4. Microwave signals in channel 1
and channel 4 originate from several meters and several
centimeters depth of the lunar regolith, respectively.We could
observe that high TBR resulted by relatively stable channel 1
TB and low channel 4 TB, which is easily affected by direct or
indirect solar illumination and decreases with largely reduced
solar flux in PSRs.

After measuring TBR of MRM data within 80∘ latitudes,
the maximum value is below 1.35, which is selected as a
threshold to generate high TBR distribution map as shown
in Figures 5(a) and 5(b) to analyze if there is any correlation

between the high TBR value distribution and water ice
distribution constrained by other remote sensing data in the
polar regions.

Figure 5 shows high MRM ratio value distribution maps,
comparing with result using M3 data by Li et al. [12]. In
addition, Hayne et al. also found a high value of the off/on
albedo ratio in Haworth crater and Faustini crater using the
LAMP datasets, and the high value of the ratio represents the
existence of the water ice [11]. Elphic et al. discovered high
concentration of hydrogen in Haworth crater, Shoemaker
crater, and Faustini crater using the LP neutron spectrometer
data [38]. These craters are all PSR craters and they are

https://ode.rsl.wustl.edu/moon/indexDatasets.aspx
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Figure 5: ((a) and (b)) Distribution of the ratio scattering points where it is no less than 1.35 overlain on the Diviner annual maximum
temperature for the northern (a) and southern (b) polar regions; ((c) and (d)) Distribution of the water-ice-bearing pixels constrained byM3,
LOLA, and Diviner, overlain on the Diviner annual maximum temperature for the northern (c) and southern (d) polar regions [12].
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potential places where water ice might exist. As we can see
from Figure 5, the result using CE-2 MRM data has a good
consistence with other instruments data to some extent.

The green dots indicating high TBR shown in Figures 5(a)
and 5(b) are mainly concentrated in the dark areas where the
temperature is lower than 100K, just like the results in (c)
and (d), but not appearing in all the PSRs. Figures 5(a) and
5(c) show the distribution map in the northern polar region.
Li gave an example in northern polar region where they got
the direct evidence of the surface exposed water ice [12].
M3 spectra data of Rozhdestvenskiy crater in the northern
polar region implies that the surface exposed water ice could
exist.The result of CE-2MRMdata in Rozhdestvenskiy crater
also showed high ratio between 3 GHz and 37 GHz TB.
There are some places that show different results. In Plaskett
crater (180∘E, 80∘N), the top edge of Figures 5(a) and 5(c), no
evidence from M3 spectra data shows the existence of water
ice, but CE-2 MRM data show high ratio there.

Figures 5(b) and 5(d) show the distribution maps in
southern polar region. As we can see in the figure, high ratio
ofMRM (b) and the signature of water ice fromM3 all appear
in the PSR areas. LAMP [11] and LP neutron spectrometer
[38] showed the same results as well. For example, MRMdata
shows high TBR in the Cabeus crater (315∘E, 84.5∘S) where
the water ice has been proved to be existing after the LCROSS
impact experiment, so do the other three instruments which
present the signature of water ice in this region. Some
different results also appear among these data. LAMP shows
low off/on albedo ratio in Shoemaker crater (48∘E, 88∘S)
which means the low probability of the existence of the water
ice. But high TBR ofMRM and evidence of the water ice from
M3 and LP neutron spectrometer all present in this crater.
High TBR of MRM and signature of water ice after analyzing
data of LAMP and LP neutron spectrometer appear in the
right part of Amundsen crater (90∘E, 83.5∘S), but the M3
instrument shows different result. All the instruments present
the signature of water ice in De Gerlache crater (270∘E,
88.2∘S) except that TBR value does not reach the threshold,
which is 1.27.

To obtain the quantity value of the correlation between
the water ice distribution retrieved from M3 data [12] and
distribution of TBR where it is no less than 1.35 in polar
regions (80∘ N/S-90∘ N/S), we calculate the proportion of
the summation over area with the M3 data in the regions of
interest for south pole and north pole, respectively.

The Chang’E-2 (TBR≥1.35) and M3 data in the study area
are collected in 15×15 km2 bins. The boundaries of the disks
in Figures 5(a)–5(d) are within the 80∘ latitude circle. The
conditional correlation is defined as 𝐶 = 𝑁𝑀3

∩𝐶𝐸−2/𝑁𝐶𝐸−2,
𝑁
𝐶𝐸−2

which denotes the summation of the bins where TBR
is no less than 1.35, and 𝑁

𝑀
3
∩𝐶𝐸−2

denotes the summation
of the bins where TBR is no less than 1.35; M3 data with
water ice proof exists. The results are 0.74 and 0.56 in south
and north poles, respectively. Amundsen crater is considered
as place with water ice since evidence was provided by LP
neutron spectrometer and LAMP, but M3 data indicates that
no water ice exists here. If we consider the Amundsen crater
as the case with water ice, the results are 0.89 and 0.56 in

south pole and north pole, respectively. Note that only the
regions where the TBR is no less than 1.35, not the whole
pole regions, are included in the calculation to minimize the
impact of the “irrelevant” areas with no water ice. Therefore,
high TBR regions are found to coincide well with the water
ice deposits areas. For data validation, we use different bin
sizes to calculate correlation between M3 water ice results
and our TBR data. Changing the bins into 25×25 km2, the
conditional correlation is 0.74 and 0.76 in south and north
poles considering the Amundsen crater without water ice.
The results still show high correlation between two sets of
data, similar to results generated with 15×15 km2 bins. The
data and the correlation method are validated. The M3 data
that indicates that thewater ice exists in the lunar polar region
is given by Li [12].

One of the possibilities to explain the correlation between
high TBR and water ice deposits could be the fact that water
ice deposits are stable in the low temperature environment.
Thus, we statistically study high TBR distribution and low
TB distribution of channel 4. Based on statistic results, high
maximum TBR (≥1.35) always appears in the places where
TB of channel 4 is lower than 100 K, which also indicates
low physical temperature. However, only 1.37% locations with
low TB of channel 4 (< 100 K) can reach high maximum
TBR. Hence, in addition to low temperature, obtaining high
maximum TBR has other requirements such as the fact
that area of PSR is larger than certain threshold, which is
related with MRM data spatial resolution. Another scenario
is that in regions with plausible water ice proof channel
4 TB usually is lower than channel 1 TB, which indicates
low mobility of water molecules in these regions so that
water molecules deposits will not diffuse below the surface
and can be detected by remote sensing experiments at the
surface of the Moon such as the imaging spectrometer M3
[39]. Other speculations of such correlation include the fact
that the presence of water ice deposits changes the average
physical properties of lunar regolith, e.g., thermal inertia,
dielectric constant, which results in large TB variations at
different depths. Simulation of TB with physical parameters
of lunar regolith and accurate solar flux in PSRs is necessary
to provide proof for such speculation; however, the difficulty
in obtaining the thermophysical parameters of lunar regolith
at extreme low temperature and unknown rock abundance,
etc., would result in the uncertainties of results [40].Whether
the temperature resolution of MRM data is enough to detect
the presence of ice deposits is also questionable.

4. Conclusions

The comparisons of the TB variations in different latitudes
show that the periodic diurnal variation of TB is dominant
in the low latitude and becomes weak in the polar region.
Second, in polar region, the topographical influences cause
significant TB variations and seasonal effects are recognizable
due to the weak illumination and the small obliquity of
the Moon. Therefore, previous TB normalization method
for latitude and local time is no longer suitable for polar
regions. Third, even without the direct sun illumination,
obvious seasonal variations of TBs are observed in PSRs,
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probably caused by the scattering flux and thermal radiations
from neighboring topography. Fourth, TBR between channel
1 and channel 4, which indicates TB variation at different
depths of lunar regolith, shows stronger seasonal variation
in PSR than others in the same latitude. Also, TBR in the
PSRs with plausible water ice evidence could reach relatively
high value. Overall, the distribution of high TBR is in good
consistence with potential water ice distribution obtained by
other types of equipment, e.g., LAMP, LP, and M3. The areas
with anomaly high value of TBR mainly appear in PSRs,
such asHaworth crater, Shoemaker crater, Faustini crater, and
Cabeus Crater where ice water most likely exists according to
remote sensing data, but not vice versa.

The correlation between distribution of high TBR and
plausiblewater ice proofs could be due to the low temperature
environment indicated by high TBR. However, high TBR
implies other conditions such as large PSR area. It also means
that temperature of the surface is lower than that several
meters deeper, which keeps water molecules on the surface
instead of diffusing to the subsurface layers.
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