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Microwave Radiometer Low-Frequency Data

Constrained From Diviner Thermal Measurements
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Abstract— Microwave emission is influenced by regolith ther-
mophysical properties that can reveal the geological evolution
of the Moon. Lunar near-surface microwave emission has been
systematically investigated by the microwave radiometer (MRM)
onboard Chinese Chang’E-2 (CE-2) lunar satellite. However,
recent work showed that global calibration issues were causing
discrepancies between CE-2 observations and theoretical simula-
tions at 3.0- and 7.8-GHz channels, which influences data inter-
pretations and applications. In this study, we use a new method to
improve thermal models by employing the bolometric brightness
temperature and thermophysical property of subsurface struc-
ture derived from high quality and repeated coverage Diviner
data. The derived subsurface temperatures make it possible for
us to improve the accuracy of microwave brightness temperature
(TB) simulation within 70◦N/S latitudes. We evaluate the MRM
data quantitatively by comparing the global TB between modeled
values and CE-2 observations (i.e., offset values) at different local
times (LTs) and latitudes. The results show that offset values
of the two channels vary significantly with LT, especially near
06:00 and 18:00. However, the 7.8-GHz channel presents greater
(∼12k in average) calibration uncertainties than the 3.0-GHz
channel. In addition, the offset of both the two channels becomes
complex at high latitudes but presents an obvious north–south
asymmetry. Finally, we modify the MRM data according to
different offsets at different LTs and latitudes. The modified
global TB maps provide us a new view to characterize the
lunar near-surface thermal environment, especially for low-TB

spots that are related to the elevated rock abundance and crater
degradation.

Index Terms— Brightness temperature, Chang’E, Diviner,
modification, Moon, thermal model.

I. INTRODUCTION

LUNAR surface and subsurface temperatures are of
great interest for investigating the thermal properties

of regolith, interior heat flow, and the thermal stability of
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buried water ice at cold traps located in polar regions [1]–[3].
Surface/subsurface brightness temperatures have been obtained
by ground-based observations from infrared to radio
frequency [4], [5]. However, these early measurements had
large calibration uncertainties, and only the nearside of the
Moon could be observed. The Apollo 15 and 17 in situ
heat flow experiments provided constraints on the subsurface
thermal regime and thermophysical properties at those sites
but did not measure the subsurface thermal environment on a
global scale.

Compared with visible and infrared radiation, microwaves
can penetrate to (or escape from) a greater depth, which
depends on subsurface permittivity. In 2007 and 2010, China
successfully launched the Chang’E-1 (CE-1) and Chang’E-2
(CE-2) lunar satellites; both missions ended after ∼1.5 and
∼1 year operations, respectively [6], [7]. The microwave
radiometers (MRMs), including four channels onboard
CE-1 and CE-2, were first designed to measure lunar subsur-
face microwave emission to investigate regolith thickness and
estimate the content of Helium-3 resources [8]. The altitude
of CE-2 is half that of CE-1 (∼200 km), so its spatial
resolution is approximately double. Furthermore, the CE-2
observations covered the lunar surface at all local times
(LTs), whereas CE-1’s observations are only at noon and
midnight [6]. Therefore, the CE-2 MRM data can reveal the
diurnal variation of subsurface temperatures in more detail.

Despite these advantages, recent work [9]–[11] proposed
that there are obviously calibration uncertainties for CE-2 low-
frequency channels (i.e., 3.0 and 7.8 GHz) when compar-
ing to numerical simulations. It has been reported that the
calibration issue might be caused by: 1) lunar surface heat
contaminations [9], [12] and 2) the reorientation of MRM’s
cold horns toward the Sun when the satellite crossing ter-
minators [10]. This might lead to great ambiguity for inter-
preting lunar regolith property and subsurface thermal regime.
Hu et al. [9] investigated the first factor (latitude effect) by
comparing CE-1/2 MRM data with theoretical simulations.
However, they only study the Apollo 15 and 17 landing areas
without considering the LT and latitude effects. Feng et al. [10]
considered the second factor (LT effect) by compar-
ing the CE-2 MRM data and simulations only at the
highland of equator. The effect of LT and latitude on
CE-2 MRM data calibration issue on a global scale has
not been investigated systematically. To better understand
lunar near-surface thermal behavior globally, the calibration
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uncertainty of CE-2 MRM diurnal observations needs to be
evaluated and modified accurately before further interpretation
and application. Here, we only evaluate the CE-2 MRM
low-frequency data that are limited within 70◦N/S latitudes
to avoid additional uncertainties caused by surface slopes and
shadows at high latitudes [13].

The Lunar Reconnaissance Orbiter (LRO) was launched
in 2009 and is still in operation. Its Diviner instrument sys-
tematically maps the lunar surface temperature globally [14].
The repeated coverage of thermal infrared data has been used
to derive the surface bolometric brightness temperature (Tbol)
at all lunar locations and LTs [2], [15]. Recently, a global
Tbol data product with a spatial resolution of 0.5◦ × 0.5◦ has
been derived using large numbers of Diviner observations [15].
Here, we use this product as a surface thermal constraint to
derive subsurface temperature profiles.

In addition, in order to calculate subsurface temperature pro-
files accurately, knowledge of the thermophysical properties of
the regolith at any location on the Moon is required. Terrestrial
measurements of returned Apollo samples can provide detailed
thermophysical parameters; however, this may only reflect the
properties at specific sites. Based on regolith temperatures
derived from Diviner data [16], Hayne et al. [3] recently
derived the global thermal inertial of the surface at 273 K
and how thermophysical properties vary with depth (via the
H parameter, discussed later). Following Hayne et al. [3],
we use the H parameter to calculate the subsurface density and
thermal conductivity that are also used to constrain a thermal
model.

To convert subsurface temperatures into microwave emis-
sion, it is necessary to get the dielectric properties of
the regolith, which depends on composition and radio
frequency [10], [11]. Here, we use estimates of the titanium
abundances to deduce the dielectric constant profile on the
Moon.

As noted above, microwave measurements are comple-
mentary to thermal infrared observations, which can “see”
greater depths of lunar regolith, especially at low frequency
(long wavelength) of the MRM. However, the MRM data
with calibration issues would cause a great ambiguity of
geological interpretation. The modified MRM’s low-frequency
data of this work can reveal accurate and detailed infor-
mation of subsurface, for example, subsurface temperature,
internal heat flow, dielectric permittivity of near-surface mate-
rial, regolith thickness, and rock abundance (RA). This will
help us to better understand the geologic evolution of the
Moon.

In this study, we first improve the thermal model from
constraints of Diviner measurements and H parameter. We cal-
culate the diurnal variation of subsurface temperatures and
model microwave brightness temperatures (TB) at low fre-
quency of MRM. We then evaluate MRM’s observations by
comparing with modeled TBs at different latitude bands and
LT ranges. Third, we modify the MRM data on a global scale
(within 70◦ N/S) considering the effects of latitude and LT.
Finally, we discuss three factors (seasonal effects, RA, and
titanium content) that can influence the TB simulation and the
potential application of modified TB .

II. DATASETS

A. CE-2 MRM Data

The MRM onboard CE-2 globally mapped microwave emis-
sion of the Moon in a polar orbit ∼15 times with four channels,
i.e., 3.0, 7.8, 19.35, and 37 GHz in a nadir viewing mode at
an altitude of 100 km [7]. The MRM measured brightness
temperature with 0.5 K accuracy and a spatial resolution
of 25 km for the first channel and 17.5 km for all others.
During observations, a two-point calibration method was used
as the same as CE-1 to derive the brightness temperature, TB ,
with alternating views of surface and cold space [8].
CE-2 observations from October 15, 2010, to May 20, 2011,
were archived in the Planetary Data System (PDS), and the
Level 2C data are publicly available.

Several researchers proposed that there are large discrep-
ancies between CE-2 MRM low-frequency observations and
TB simulations [9]–[11]. This indicates that there might be cal-
ibration uncertainties caused by heat contamination, especially
at the LTs 06:00/18:00 when the calibration horn antenna reori-
entated and pointed toward the Sun [10]. The relatively large
3.0- and 7.8-GHz cold horns are heated by solar illumination,
which results in greater calibration uncertainties [10].

B. Diviner Bolometric Brightness Temperature Data

Diviner is a nine-channel filter radiometer that has sys-
tematically mapped the lunar surface temperature since 2009.
Channels 1 and 2, with wavelength range 0.35–2.8 μm, are
designed to measure lunar surface reflected solar radiation. The
remaining channels (3–9) measure the emitted infrared radia-
tion with passbands of 2.8–400 μm. Each channel observes
the Moon with an array of 21 detectors in a push-broom
configuration [14]. After transitioning into a circular orbit at
an average altitude ∼50 km [15], Diviner observes the lunar
surface with a spatial resolution of ∼200 m and a ground track
swath of 3.4 km.

Due to its lack of atmosphere, slow rotation, and highly
insulating surface dust (∼2 cm thick), the lunar surface
temperature can reach equilibration with solar radiation in
the daytime. At night, the surface/subsurface temperature
decreases gradually due to heat loss until dawn. The bolo-
metric brightness temperature, Tbol, is the measure of spectral
integration of surface infrared radiation and is determined
from the brightness temperatures of the seven Diviner infrared
channels [2]. Diviner-based Tbol has been binned at 0.5◦ × 0.5◦
and 0.25-h LT from July 5, 2009, to April 1, 2015 and has been
archived at the PDS Geosciences Node. Here, we use the Tbol

data that include information on the surface emissivity, albedo,
effective solar irradiation, surface slope, and light scattered
from surrounding terrain as a surface thermal constraint [17].

C. H Parameter

In order to derive the global distribution of time- and
depth-dependent temperatures, it is important to constrain the
thermal properties of the subsurface, which conducts heat
downward from the surface. Vasavada et al. [18] introduced the
H parameter to constrain the bulk density of the regolith near
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Fig. 1. Work flow of brightness temperature simulation, evaluation, and
modification.

the Moon’s equator based on the repeated coverage Diviner
data. Hayne et al. [3] then derived the global H parameter
within 70◦N/S latitudes at 128 pixels per degree (ppd) from
nighttime regolith temperatures [16].

We use the H parameter derived by Hayne et al. [3] to
calculate the profiles of density and thermal conductivity.
In this study, we reduced this 128 ppd dataset to 0.5◦ × 0.5◦
by averaging the data points within each cell. Larger values of
the H parameter indicate highly insulating material, whereas
smaller values denote a denser and more conductive regolith.
Based on the global H parameter dataset as well as constrained
by Tbol, we can calculate subsurface temperature profiles
globally.

D. Global Distribution of Titanium

Recent studies about analyzing CE-2 MRM data sug-
gest that microwave emission is strongly dependent on tita-
nium content and frequency [10], [11]. As the surface
reflectance of the Moon is dominated by variation of chemical
composition [19], spectral data can be interpreted in terms
of mineral concentrations. The Clementine Ultraviolet/Visible
spectral data were first used to derive the global distribution of
TiO2 at 100 m/pixel by Lucey et al. [20], and their algorithms
were revised later by Gillis et al. [21] based on dual-regression
methods. Recently, more accurate TiO2 abundance was derived
from LRO wide-angle camera (WAC) observations with a
spatial resolution of 400 m/pixel [19]. Note that since the
detection limit of WAC TiO2 content at lunar mare is 2 wt%,
we set the nonmare areas TiO2 content as zero following
Siegler et al. [11] to apply their dielectric models of lunar
maria and highlands.

III. METHODOLOGY

In order to model and evaluate CE-2 MRM data, it is
important to derive subsurface temperatures and model bright-
ness temperature accurately. Here, we improve the 1-D ther-
mal model by employing the global H parameter based on
our previous Diviner Tbol data constrained thermal model
(see Fig. 1) [17], that is, the H parameter used here to
constrain subsurface thermophysical properties in terms of
density and thermal conductivity at each bin. Note that the
effect of rock concentration on near-surface thermal behavior
is not considered in our thermal model.

In addition, we model the diurnal variation of TB at 3.0 and
7.8 GHz of each bin after running the above thermal and

dielectric constant models. Finally, we compare the global
MRM observations and TB simulations at different LTs ranges
to evaluate and modify CE-2 MRM observations.

A. Improved 1-D Thermal Model

Variations of subsurface temperature are controlled by sur-
face insolation, conduction, interior heat flow, and outward
reradiation. The regolith can be considered as a semi-infinite
solid material, and the time- and depth-dependent temperature,
T (t, z), can be calculated by the 1-D heat diffusion equation

ρ(z)cp(T )
∂T (t, z)

∂ t
= ∂

∂z

[
K (T (t, z))

∂T (t, z)

∂z

]
(1)

where ρ(z) is the bulk density, cp(T ) is the specific heat,
cp = c0 +c1T +c2T 2 +c3T 3 +c4T 4 [3], and K is the thermal
conductivity. A model showing that density increases with
depth was accurately derived based on the fitting equatorial
Diviner data [18]. The density profile was modified later by
Hayne et al. [3] for global application as follows:

ρ(z) = ρd − (ρd − ρs)e
− z

H (2)

where ρs and ρd are densities at surface and depth z � H ,
respectively. The thermal conductivity is also controlled by
composition and density over the range of subsurface temper-
atures [22] in the equation

K = Kc

[
1 + χ

(
T (t, z)

350

)3
]

(3)

where Kc is the contact conductivity that is assumed to be
linearly proportional to density [3] and χ is a dimensionless
radiative conductivity parameter. Also, Kc is expressed as

Kc = Kd − (Kd − Ks)
ρd − ρ(z)

ρd − ρs
(4)

where the constants Ks and Kd are the contact conductivity
at the surface and the depth, z � H , respectively. Thus,
the H parameter governs how subsurface density and ther-
mal conductivity increase with depth. Specific heat capacity
only depends on temperature (see [3] for a more detailed
discussion).

Mathematically, two boundary conditions are needed to
solve (1). The lower boundary at the depth of zd has a constant
upward heat flow (Q), which can be determined by

K
∂T

∂z

∣∣∣∣
z=zd

= −Q. (5)

Here, the global mean heat flow value that is derived from
surface thorium abundance and inferred crustal thickness was
used in our thermal model [23]. Also, the bottom depth zd

is given as 5 m, which is greater than the 3-GHz channel’s
sensed depth [10].

At the surface, the upper boundary condition is the absorbed
insolation and conduction that are balanced against thermal
emissions. Global simulation is complex since multiple factors,
e.g., albedo, emissivity, and surface roughness, controlled
lunar surface thermal environment. Instead, we use the diurnal
variation temperatures Tbol that include all these factors as the
upper boundary condition (more details can be seen in our
previous work [17]).
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TABLE I

PARAMETERS USED IN THE THERMAL MODEL
AND LOSS TANGENT MODEL

B. Subsurface Microwave Emission Model

Terrestrial experiments on Apollo samples between 10
and 30 GHz showed that ilmenite plays an important
role in electromagnetic absorption [24]. The relative dielec-
tric constant, εr , determines the behavior of electromag-
netic waves in a medium and includes a real part, ε�,
and an imaginary part, ε��, i.e., εr = ε� + iε��. Measurements
have shown that ε� is insensitive to frequency but is dependent
on bulk density [24] and can be written as

ε� = 1.919ρ(z) (6)

where ε�� influences the stored electromagnetic energy and
is a function of frequency, bulk density, and chemical
composition [24].

Montopoli et al. [25] proposed a relationship between
frequency ( f ) and loss tangent (tan δ = ε��/ε�). Also,
Siegler et al. [11] employed a similar form and improved the
parameters by fitting the CE-2 MRM data. Following their
work, the loss tangent of lunar mare and highland can be
expressed as:

tan δmare = 10[0.312ρ+a+S( f b+c)] (7)

tan δhighlands = 10[0.312ρ+a+ f b] (8)

where S is the content of TiO2 in wt% and a, b and c are
coefficients. It is worth noting that tan δhighlands is independent
of S because the TiO2 content in nonmare areas is set as zero.

For the nadir viewing geometry of CE-2 MRM (where
perpendicular and parallel polarizations are equal) [26], [27],
the microwave brightness temperature can be written as

TB( f, t) = (1 − r)

∫ ∞

0
κα(z) T (z, t)e− ∫ z

0 κα(z�)dz�
dz (9)

where r = ∣∣(1 − √
ε�/1 + √

ε�)
∣∣2

is the smooth surface reflec-
tivity, κα = (4π f /c)Im(

√
μεr ) is the absorption coefficient,

c is light speed in the vacuum, and μ is the relative per-
meability in free space. Based on the above equations and
the datasets of Tbol, H parameter, and TiO2, we can model

Fig. 2. Comparison of temperature profiles at the cell of 0◦ E, 0◦ N (red
curves) and 0◦ E, 70◦ N (blue curves). The solid curves are the maximum
temperature profiles, and the dashed curves are the minimum temperature
profiles. The H parameters corresponding to each cell are derived from the
Diviner data based on the work in [3].

Fig. 3. Calculated subsurface temperatures at the depths of (a) 0.02 m,
T (0, 0.02), and (b) 0.1 m, T (0, 0.1), at midnight.

TB globally for each microwave frequency. The model para-
meters and corresponding references are listed in Table I.

IV. RESULTS

In this section, we first present the calculated subsurface
temperatures to show the effectiveness of our improved ther-
mal model. The diurnal variation of subsurface temperatures
enables us to model microwave emission in both the 3.0- and
7.8-GHz channels in a lunar day. Subsequently, a quantitative
evaluation and modification of global CE-2 MRM data was
presented.

A. Subsurface Temperature

Many methods have investigated lunar regolith thickness,
such as Apollo in situ measurements [24], crater morphology
and size-frequency distribution [28], and radar and microwave
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Fig. 4. Comparison between diurnal variations of CE-2 MRM data and TB simulations at 3.0 GHz (left column) and 7.8 GHz (right column). (a) and (d),
(b)–(e), and (c) and (f) Latitude bands of 0–0.5◦ N, 30–30.5◦ N, and 60–60.5◦ N, respectively.

Fig. 5. TB offsets vary as a function of LT at latitude bands of (a) 0–0.5◦ N/S,
(b) 30–30.5◦ N/S, and (c) 60–60.5◦ N/S. The solid and dashed-dotted lines
indicate northern and southern latitudes, respectively. The offset is averaged
from each latitude band with an LT interval 0.1 h.

radiometry remote sensing techniques [29], [30]. CE-1’s MRM
data suggest that the average regolith thicknesses of the
maria and highlands are ∼4.5 and ∼7.6 m, respectively [30].
They are greater than the sensed depths of microwaves
at 3.0 and 7.8 GHz [31]. Although the above results are not

Fig. 6. TB offset values vary as a function of latitude at LTs of
(a) 06:00–06:06, (b) 12:00–12:06, and (c) 18:00–18:06. The offset is averaged
from each 0.5◦ latitude band with the same LT range.

identical, they suggest that global regolith thickness varies
from several to more than 10 m. We derive the subsurface
temperatures to a depth of 5 m, which is sufficient to represent
the total microwave emission through all depths for these two
channels.
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Fig. 7. Comparison between diurnal variations of modified CE-2 MRM data and TB simulations at (Left column) 3.0 GHz and (Right column) 7.8 GHz.
(a) and (d), (b)–(e), and (c) and (f) Latitude bands of 0–0.5◦ N, 30–30.5◦ N, and 60–60.5◦ N, respectively.

The thermal behavior of the subsurface is mainly controlled
by the effective solar irradiance of the surface (latitudinal
effect), surface topographic relief, and thermophysical proper-
ties of regolith. Diurnal variations of subsurface temperatures
are different at each cell, especially for different latitudes. For
example, the minimum and maximum temperature profiles at
0◦ E, 0◦ N and 0◦ E, 70◦ N bins differ due to the thermal
constraints of Tbol and H parameter controlled regolith thermal
property (see Fig. 2). It can be seen that the subsurface thermal
features in terms of temperature profiles and amplitudes at
different places can be characterized by our improved thermal
model.

In order to compare subsurface temperatures globally,
we calculated instant subsurface temperatures at a given LT.
Fig. 3 shows the global distribution of instant subsurface
temperatures at the depths of 0.02 m, T (0, 0.02), and 0.1 m,
T (0, 0.1). At the first glance, the temperature of the two
layers decreases gradually with latitude due to the decreasing
solar irradiance. At this LT, temperature increases with depth,
but at a rate that differs from place to place. Topography
also plays an important role in subsurface temperature at all
latitudes and the temperature of the maria is higher than that
of the highlands, which can be attributed to the low albedo
of those materials. The details of geologic units revealed by
the subsurface temperature map, such as the two layers of

midnight temperature, suggest the accuracy and effectiveness
of our improved thermal model.

B. TB Simulation and Evaluation

As mentioned above, the improved thermal model makes it
possible for us to model microwave brightness temperature
accurately at any LT on the Moon. To compare with
CE-2 MRM data, we first present both observed data points
and modeled TB values at different latitude bands through all
the longitude (180◦ W–180◦ E). The bandwidth is set 0.5◦
to correspond to the Tbol spatial resolution. Fig. 4 shows
obviously that the absolute amplitude of diurnal variations
of CE-2 TB3 and TB7 (black dots) is much smaller than that
of simulations (red solid line). Similar TB discrepancies have
also been reported in [10] and [11]. Note that the simulation
within each latitude band was derived by averaging all the
bins at the same LT. Adjusting different offset values, the
TB discrepancies of both two channels between observations
and adjusted models (red dashed line) vary with LT sig-
nificantly, especially near 06:00 and 18:00 when the cold
horn reorienting toward the Sun [10]. It can be seen that
offset values also vary among different latitude bands, which
suggests that the calibration uncertainties of CE-2 MRM data
are dominated by heat contamination on a global scale [9].
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Fig. 8. Comparison between modified CE-2 MRM data and TB simulations at (Left column) 3.0 GHz and (Right column) 7.8 GHz at different LTs.
(a) and (d), (b)–(e), and (c) and (f) LT ranges of 06:00–06:06, 12:00–12:06, and 18:00–18:06, respectively.

As noted above, the adjusted offset at different LTs
and latitudes presents a good evaluation for the time- and
latitude-dependent global calibration uncertainties. In addition,
we derived offset values with LT interval 10 min and latitude
interval 0.5◦. The 10 min used here is to make sure that there is
enough global coverage of CE-2 data points during this period.
Fig. 5 shows the offset values of TB3 and TB7 varying with LTs
at different latitudes. Apparently, both the two channels’ offset
values present larger amplitude near 06:00 and 18:00, which
indicates larger TB calibration uncertainties near terminators.
The relatively small offset values near noon and midnight indi-
cate smaller calibration uncertainties, which indicates less heat
contaminations [9]. The TB7 offset is ∼12 K greater in average
than the TB3 offset at different latitudes, which suggests larger
calibration uncertainties at the 7.8-GHz channel on a global
scale. Notably, both TB3 and TB7 offset values vary with LT
in a similar trend due to their identical observation conditions.
In addition, both northern (solid lines) and southern (dashed-
dotted lines) hemispheres at the same latitude band show a
similar trend with increasing of LT, but they still present an
absolute mean discrepancy <1.2 K at different latitude bands.

To characterize the latitude-dependent TB offset, Fig. 6
shows that the offset tends to be asymmetric (higher values
at southern latitudes) with increasing latitude, which indicates

that the heat contamination is dominated by the regional ther-
mal features [13]. In general, both TB3 and TB7 offsets present
complexly latitude-dependent variation at different LTs, espe-
cially at high latitudes (>40◦ N/S). In addition, the offset
difference between the two channels increases from ∼10 K
near the equator to ∼20 K at high latitudes. It suggests
a complex and different calibration uncertainty of the two
channels during the CE-2 mission.

C. Global TB Modification

As described above, the time- and latitude-dependent offset
value presents a better way to evaluate the CE-2 calibration
uncertainties quantitatively, that is, each CE-2 MRM data point
can be modified by a specific offset based on its observation
LT and footprint position. Using the same data as in Fig. 4 and
the offset values of Fig. 5, Fig. 7 shows the TB comparison
between diurnal variations of modified CE-2 observations and
modeled values within different latitude bands. Here, the mod-
eled values (red line) are the same with that of Fig. 4 (red solid
line). Apparently, the modified CE-2 TB values consist well
with our simulations at different latitude bands. It indicates that
the time-related calibration uncertainties have been modified
effectively, especially near the LT 06:00 and 18:00. Similarly,
considering the latitude-dependent offset as shown in Fig. 6,
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Fig. 9. Global mapped modified TB3 (left column) and TB7 (right column) at different LT ranges. (a) and (d), (b)–(e), and (c) and (f) LT ranges of 02:00–06:00,
12:00-16:00 and 20:00–24:00, respectively.

for example, Fig. 8 shows that the modified CE-2 MRM data
have a good agreement with simulations, especially at high
latitudes.

In order to characterize and interpret global thermal envi-
ronments, we modify the CE-2 TB data with the time- and
latitude-dependent offset values. Fig. 9 shows the global maps
of modified TB3 (left column) and TB7 (right column) within
LT range of 02:00–06:00, 12:00–16:00, and 20:00–24:00. It is
worth noting that the modified TBs are mapped globally with
LT interval 2 h due to less coverage of MRM’s footprints at
any given LT. This will not influence TB comparisons between
different LT ranges in a lunar cycle. It can be seen that the
latitude effect dominates the thermal behaviors of the lunar
surface at both channels in a lunar day. The modified data
can present more accurate thermal features in terms of TB

amplitudes on the Moon. Specifically, many low-TB spots can
be identified in nighttime TB maps in Fig. 9(a), (c), (d), (f)],
especially at shorter wavelength 7.8-GHz maps. In addition,
these low-TB spots have also been identified from CE-2 19.35-
and 37-GHz TB maps [7], [32] that correspond to young rocky
craters. The elevated rock concentration causes large loss
factors, which suppresses microwave emission significantly
than that of nonrocky areas. As a result, global thermal
anomalies corresponding to elevated RA can be characterized

accurately from modified TB maps. The detailed investigation
of this complex thermal environment will help us to better
understand near-surface thermal property and history of rocks
broken down and regolith evolution.

For daytime TB maps [see Fig. 9(b) and (e)], lunar mare
presents a distinct thermal behavior than highlands, espe-
cially for the high Ti content areas, for example, Oceanus
Procellarum (18.4◦ N, 57.4◦ W) and Mare Tranquillitatis
(8.5◦ N, 31.4◦ E). The modified TB data can provide better
thermal constraints to investigate the geologic evolution of
these basaltic areas.

V. DISCUSSION

A. Validation and Error Estimation of TB Simulation

Since there are no a “ground-truth” observations at the
same microwave frequency to compare with our modeled TB ,
we are unable to recalibrate the CE-2 MRM data and/or
validate our simulations directly. It has been reported that the
high-frequency channels (19.35 and 37 GHz) have a relatively
small calibration uncertainty, which is attributed to the heat
contamination [9] but not cold horn reorientation effect [10].
Here, we model TB at 19.35 (TB19) and 37 GHz (TB37) and then
compare it with CE-2 MRM’s observations. Fig. 10 shows the
TB comparison between CE-2 MRM data and simulations at
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Fig. 10. Comparison of diurnal variation of TB between CE-2 MRM data and simulations at different latitude bands. (a) and (d), (b)–(e), and (c) and
(f) Latitude bands of 0–0.5◦ N, 30–30.5◦ N, and 60–60.5◦ N, respectively.

different latitude bands. It also presents an obvious discrepancy
for TB19 and TB37 at all latitudes in a lunar day. Similarly,
we also employ the offset to adjust models. It can be seen
that the adjusted models (red dashed lines) present a good
consistent with MRM’s data at all LTs, especially near the
LTs 06:00 and 18:00. Note that the TB19 (13.3–14.8 K) and
TB37 (14.1–15.2 K) offsets agree well with 8.9 ± 8.5 and
11.4 ± 9.6 K (the latitude band of Apollo 15 landing site)
and 8.0 ± 8.9 and 10.4 ± 8.9 K (the latitude band of Apollo
17 landing site) of Hu et al. [9]. The good agreement between
MRM data and adjusted models validates our TB simulations.

As noted above, the RA effect is neglected in our thermal
model and TB simulations. Thus, the rocky area could cause
an additional TB bias for CE-2 MRM data modification. The
exposed and/or perched rocks distribute randomly on the Moon
but tend to concentrate at young craters [16]. Here, we derive
the averaged rock concentration within each 0.5◦ latitude band
from Diviner RA. Note that the Diviner RA defines the area
percentage of rocks within each pixel [16], [33]. Fig. 11 shows
in general that the RA decreases from ∼0.46% to ∼0.3% with
the increasing of latitude at both hemispheres. Although there
is no RA value within 60–70◦ N/S latitude bands, it can be
estimated that the RA within these highland areas is no more
than 0.5%. Therefore, it can be inferred that no more than

0.5% of lunar surface with elevated RA might cause additional
errors for TB simulation and CE-2 MRM data modification.
Statistically, the <0.5% surface area will not have a great
impact on TB comparison on a global scale. However, for
regional scale and/or rocky areas, a more detailed rock model
should be considered in the future for TB simulation and
CE-2 MRM data evaluation.

B. Seasonal Effects on TB Simulations

Because the small tilt of the Moon’s spin axis (∼1.54◦)
relative to the ecliptic plane, the latitude of subsolar point
varies with an amplitude of about 1.54◦, which causes the
seasonal effect. Comparing to the Earth’s (23.44◦) and Mars’
(25.19◦) axial tilts, the seasonality has minimal influence on
surface temperatures at low-to-mid latitudes but relatively
large influence in permanently shadowed regions (PSRs) of
the Moon [34], that is, the seasonal effects on modeled TB at
sunlit areas of the Moon can be neglected, while the seasonal
variation of surface temperatures at PSRs caused by light
scattering and thermal radiation of crater walls [2] should be
considered in the future work.

Fig. 12 shows the variation of the subsolar latitude during
the CE-2’s life span (light red area) and part of LRO’s Diviner
observations (light blue area). The CE-2’s MRM observed
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Fig. 11. RA varies with latitude. The RA is derived from the Diviner data
by Bandfield et al. [16], [33], which is available at the PDS Geoscience Node
(https://pds-geosciences.wustl.edu/).

Fig. 12. Variation of subsolar latitude during the CE-2’s life span and part of
LRO Diviner’s observations. The dashed line indicates the equator. The light
red area and light blue area indicate the CE-2’s life span and part of LRO
Diviner’s observations, respectively. Note that the Diviner data coverage only
refers to the dataset used in this study.

the Moon from northern winter to northern summer though
it has a short life span. However, it is worth noting that
the near-surface microwave emission in terms of TB can be
measured at a specific LT, 06:00/18:00, for example, in any
season. The Diviner dataset used in this study covers the Moon
over 5.5 years, which includes multiple seasonal cycles. The
annual Diviner observations were combined and redistributed
by LTs at each 0.5◦ × 0.5◦ bin [15], that is, the seasonal
information in terms of surface temperature is involved and
“averaged” by diurnal Tbol data during the Diviner’s multiple
measurement periods. Therefore, the modeled TB constrained
by Tbol data also includes seasonal information that covers
the CE-2’s life span. For example, we calculate the diurnal
and annual averaged TB3 theoretically at the Moon’s equator
corresponding to the Diviner’s ∼5.5 years observations and
find that the absolute maximal/minimal TB3 during northern
summer/winter solstice is ∼1.9 K less than that of seasonal
averaged. In the future work, more Tbol data obtained in

Fig. 13. Variation of TB offsets as a function of LT within latitude band
10◦–10.5◦ N at (a) 3.0 and (b) 7.8 GHz. The averaged Ti content at mare
and highland is ∼4.5% and ∼1.1%, respectively.

Fig. 14. Diviner RA at Tycho crater. The background is LRO WAC image.
Note that the Diviner RA data are retrieved by Bandfield et al. [16], [33],
which is available at the PDS Geosciences Node.

different seasons can be used to constrain TB simulations for
MRM data evaluation and modification.

C. Effect of Titanium Content on TB Modification

Both CE-1 and CE-2 MRM observations indicate that
the titanium content plays an important role in microwave
emission [6], [7]. The effect of Ti content on loss tangent was
discussed in detail in the work of [11]. Also, the loss tangent
models at maria and highlands were also employed (7) and (8)
to model TB in this work. In order to compare the influence
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Fig. 15. Distribution of modified TB3 (left column) and TB7 (right column)
at different LTs of Tycho crater. (a) and (e), (b)–(f), (c) and (g), and (d) and
(h) LT ranges of 00:00–02:00, 04:00–06:00, 12:00–14:00, and 19:00–21:00,
respectively. The background is LRO WAC image.

of Ti content in TB modification, i.e., TB offset, we select
a latitude band, 10◦–10.5◦ N, which covers both mare and
highland areas. The offset values corresponding to each of
the CE-2 TB3 and TB7 data points at different LTs within
this band are derived. Fig. 13 shows the comparison of TB

offset values between mare and highland areas at different LTs.
These two areas have a good agreement all times However,
it presents a large discrepancy from 09:00 to 18:00 between
the two channels. Also, the averaged TB3 and TB7 offsets at
highland (blue diamonds) are ∼4.9 and ∼6.9 K higher than
that at mare (red circles), respectively. We suppose that the
calibration uncertainties of CE-2 MRM data are not related to
lunar surface geologic units and composition in the nighttime
but are more dependent on the Ti content in the daytime. Note
that since we derive the time-dependent offset from a latitude
band, the topographic effect within this area can be neglected.

D. Low-TB Spots—A Case Study of Tycho Crater

Comparing to thermal infrared observations, microwave
emissions measured by MRM at different frequencies can

reveal more geophysical information about lunar regolith.
One of the most interesting investigations is the thermal
anomaly, i.e., low-TB spots. Although many low-TB spots have
been identified by CE-2 MRM data [7], [32], the calibration
uncertainties influence the accuracy of data interpretation for
these thermal anomalies. In our study, the modified TB can
help us to better understand the near-surface complex thermal
emission caused by buried rocks and small fragments in
addition to exposed rocks that have been revealed by Diviner
RA. Comparing to high-frequency channels (i.e., 19.35 and
37 GHz), the modified low frequency (longer wavelength) can
reveal more details of greater depths, which is related to the
subsurface thermal regime and thermophysical properties. This
section presents a preliminary application, i.e., thermal feature
analysis, from our modified TB data at Tycho crater.

Both Diviner RA and LRO narrow-angle camera images
show that young craters concentrate more rocks because of
less exposure time and crater degradation [16], [35]. Fig. 14
shows the Diviner RA at Tycho crater and ejecta blankets.
The high concentration of rocks at this young impact crater
(85+15

−18 Ma [36]) indicates less destruction of rocks but more
complex geomorphology.

Fig. 15 shows the modified TB3 and TB7 at Tycho crater
within different LT ranges. Specifically, it is a close-up of
low-TB spots as shown in Fig. 9 (nighttime maps). The
rocky areas present obviously lower TB during nighttime but
higher values in daytime, especially for the 7.8-GHz channel
[see Fig. 9(e) and (f)]. Comparing to infrared observations,
the modified microwave data corresponding to rocky craters
provides us more information about the subsurface thermal
behavior and rock concentration, which is related to crater
degradation and regolith evolution of the Moon.

VI. CONCLUSION

CE-2 MRM observations can reveal the subsurface thermal
regime, which is dominated by regolith thermophysical prop-
erties, chemical composition, and even RAs. However, it has
been reported that there are large calibration uncertainties
at MRM’s low frequencies (3.0 and 7.8 GHz), which influ-
ences the accuracy of interpreting lunar near-surface thermal
environments and geologic features. In this study, we first
improved the thermal model by using the Tbol data to con-
straint diurnal variations of lunar surface temperatures and
the H parameter to constrain the bulk density and thermal
conductivity of lunar regolith. As a result, we calculated time-
and depth-dependent subsurface temperatures effectively on
a global scale. We found that the distribution of subsurface
temperatures was not only controlled by latitude but also by
topographic slopes.

The derived subsurface temperatures enabled us to model
TB globally. We evaluated the CE-2 MRM data by compar-
ing with modeled TB values on a global scale at different
LT ranges and latitude bands. The results showed that the
calibration uncertainties offset values of the two channels
vary with LT in a similar trend but dramatically near 06:00
and 18:00. We also found that the 7.8-GHz channel presents
a higher calibration uncertainty (∼12 K in average) than the
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3.0-GHz channel through a lunar day. Furthermore, the global
calibration uncertainties of the two channels are more time
relevant and less latitude- and composition-dependent.

Finally, we modified the CE-2 MRM data by time- and
latitude-dependent TB offset values. A large number of low-
TB spots corresponding to elevated RA were identified in
the nighttime TB maps, especially for the 7.8-GHz channel,
whereas in daytime TB maps, distinct microwave emission
areas corresponding to basaltic areas were identified. The
modified CE-2 MRM data can provide us more accurate infor-
mation to investigate near-surface thermal features that are
related to RA, chemical composition, and geologic evolution
of lunar regolith.
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