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[1] Keihm [1984] made a study on the effects of the rough lunar surface on microwave
brightness temperature using geometric optics (GO), which is valid only when the
microwave wavelength is much smaller than the radius of curvature of the rough surface.
This approach is deficient because it has no explicit wavelength dependence. The Chang’E-1
Lunar Orbiter carried out lunar microwave remote sensing of maria where the surface can be
regarded as “slightly” rough, and this has motivated our study. We model the mare regolith as
a multilayer planar layered media with a slightly rough top surface, and the temperature
profile is retrieved by solving the heat conduction equation. The noncoherent method is
utilized to calculate the emission of the multilayer media. To calculate the effect of the rough
top surface on brightness temperatures, we use the bistatic transmission coefficients by
applying the second-order small perturbation method. Using this model, the microwave
brightness temperatures of the Apollo 12 area under different roughness conditions are
calculated. It is shown that a slightly rough surface will increase or decrease the microwave
radiative brightness temperature of the lunar regolith and that the change is related to the
roughness, incidence angle, frequency, and polarization. In the case of measurements made
by the Chang’E-1 microwave radiometer, where the incidence angle is 0�, the small-scale
roughness will increase the brightness temperature of the lunar regolith.
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1. Introduction

[2] One of the scientific goals of the Chang’E-1 Lunar
Orbiter (CE-1) is detecting the thickness of the lunar regolith
[Ouyang, 2005] and estimating the reserves of helium-3, an
important nuclear fuel for fission reactors. To recover the
lunar regolith depth from the TBs of the multichannel
microwave radiometer at 3.0, 7.8, 19.35, and 37 GHz aboard
CE-1, an accurate forward model for the TBs of the lunar
surface is needed.
[3] In the existing emission models for lunar regolith

[Fa and Jin, 2007a, 2007b, 2011; Meng et al., 2008; Wang
et al., 2008], many factors influencing the TBs are considered,
such as the regolith layer thickness, the temperature profile,
the lunar soil bulk density, and the dielectric permittivity

profiles. Usually, the regolith is modeled to a layered medium
with plane interfaces [Fa and Jin, 2007a, 2007b, 2011;Meng
et al., 2008;Wang et al., 2008]. Coherent or noncoherent radi-
ative transfer models are used to calculate the TBs of the lay-
ered medium. A coherent radiative transfer method is suitable
for the rigorous stratified medium in practice, where both
amplitudes and phases of the electromagnetic waves are con-
sidered. Moreover, the results calculated by the coherent
method are easily influenced by the layer thickness. Another
method, i.e., the noncoherent method, ignores the influence
of the phases of the waves. It is established on the premise that
there are a lot of scatterers, whose scales are comparable to the
wavelength of the electromagnetic wave. For lunar soil, since
the dielectric constant continuously varies with depth, that is,
the regolith is not the rigorous stratified medium, and virtually
many scatterers with different scales are involved in the rego-
lith, then the noncoherent method is more suitable for calculat-
ing the TBs. It is noted that all the models above assume a
plane surface for the lunar regolith.
[4] However, as we know, there are undulating terrains in

the range of 35–50 km, which are spatial resolutions of
multichannel microwave radiometers. The undulating terrains
can be regarded as a large-scale roughness. Besides, there is
also a small-scale roughness on the lunar surface. Based on
the analysis of the sample from Apollo 12 [Helfenstein and
Shepard, 1999], the surface RMS height deviation h is around
0.9–3.6 mm, and the RMS slope angle θ at 1 mm scale varies
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in 13.9�–37�. The surface with this slight roughness cannot be
regarded as a plane at the frequency range of the CE-1
multichannel microwave radiometer, i.e., 3–37GHz. Therefore,
it is also necessary to study the influence of the small-scale
roughness on the TBs of the lunar regolith.
[5] Some studies have been made to evaluate the effect of

large-scale roughness on the lunar TB. To calculate infrared
emission of the Moon [Smith, 1967], the lunar surface is
divided into many plane elements; each of them is assumed
to be a perfect Lambertian emitter of thermal radiation at the
infrared frequency. Then, a self-shadowing theory of rough
surfaces is combined into studying infrared TBs of the
Moon. Golden [1979] applied the Monte Carlo technique
to calculate the transmission of microwave radiation through
a planetary surface, which is considered to be composed of
a large number of plane facets, their dimensions being
assumed to be much greater than the wavelength. As shown
by Keihm [1984], topographic effects are considered both
thermal and emissive. For roughness whose scale is assumed
to be characterized by slowly varying undulations with a
horizontal scale that is large compared to the wavelength, a
statistical geometric optics (GO) approach is employed. To
study the influence of the terrains on the microwave TBs
shown by Jin and Fa [2011], the undulating surface is
divided into discrete triangular meshes, whose dimensions
are 10 m. Also, the surface of each mesh is regarded as a
plane. The results show that in the regions of spatial resolu-
tions of the multichannel microwave radiometer, the effects
of the terrains on the emission can be neglected. It is
noted that the effect of the terrain on the temperature is not
included in their study.
[6] A theory which is developed for thermal microwave

emission from a homogeneous layer with rough surfaces
containing spherical scatterers is shown by Shin and Kong
[1982]. To model rough top and bottom interfaces, they
use the bistatic coefficients by GO. In addition, microwave
emission from a layered medium with the top interface being
a rough surface is studied by the method of moments [Tsang
et al., 2008].
[7] All the mentioned methods used for studying the lunar

roughness effect are based on Kirchhoff approximation or
GO, which are valid only when the microwave wavelength
is much smaller than the radius of curvature of the rough
surface. A defect of the simple GO model is the absence of
explicit wavelength dependence; moreover, GO is not valid
for the small-scale roughness described above, where the
standard deviation of the local lunar surface is much smaller
than the wavelength. Then, the effects of the small-scale
roughness on lunar TBs are just our study goal.
[8] Ulaby et al. [1987] modeled the effects of varying

large-scale (tens to hundreds of wavelengths) roughness on
the emissivity. It is shown that the emission begins to
increase only when the RMS slope is 20� or bigger. The
large-scale roughness of the maria is much smaller than
20� [Golden, 1979]. So for the maria, the large-scale rough-
ness can be ignored, and only the small-scale roughness needs
to be considered. Based on 2.38 GHz microwave
radiometer measurements for Venus from Magellan data
sets, Campbell [1994] found that the emissivity can be
modeled by the behavior of a single dielectric surface with
variable small-scale roughness, which can produce “diffuse”
contribution. Especially for the multichannel radiometers

on CE-1, where the incidence angle is 0�, the small-scale
roughness would have significant effects on TBs, as is
known from the results of emitting from two-scale rough
sea surfaces [Jin, 1998].
[9] In the paper, the small perturbation method (SPM) is

utilized to study the effect of the small-scale roughness of
the lunar surface on TBs, since the SPM is valid when the
standard deviation of the rough lunar surface is much
smaller than the wavelength. To increase the accuracy of
the emission, the second-order SPM transmittances are used
because the second-order solution is necessary to ensure
energy conservation [Chen et al., 2011]. Meanwhile, the
noncoherent method is utilized to calculate the emission of
the nonuniform regolith which can be discretized to a multi-
layer planar layered media. Therefore, based on the second-
order SPM and the radiative transfer theory, a new model is
developed for thermal microwave emission from the strati-
fied media with a slightly rough top surface. Then, the
presented model is utilized to simulate the microwave TBs
at the Apollo 12 area, which is a typical mare area, under
different small-scale roughness, incidence angle, and fre-
quency. The simulation results show that a small-scale
roughness will increase or decrease the microwave TBs of
the lunar surface, and the change is related to the small-
scale roughness, incidence angle, frequency, and polariza-
tion. For the CE-1 radiometer, where the incidence angle
is 0�, the small-scale roughness will increase the TBs.

2. Formulation of the TB Model for the Lunar
Regolith

[10] The lunar surface layer can be divided into the regolith
layer and the underlying rock media [Ouyang, 2005].
However, there are no clear interfaces between the layers.
For passive microwave remote sensing of lunar, the underly-
ing rock media is usually regarded as a homogeneous isother-
mal medium, while the regolith layer is usually regarded as the
soil with nonuniform temperature T and permittivity e profiles.
e can be defined as [Keihm and Langsth, 1973]

e0 ¼ 1:919r

e00 ¼ e0�100:038Sþ0:312r�3:260

�
(1)

where e 0 and e 00 are the real and imaginary parts of complex
permittivity, respectively. S (%) is the FeO+TiO2 abundance,
and r(g/cm3) is the lunar regolith bulk density depending on
depth [Keihm and Langsth, 1973], i.e.,

r ¼ 1:92
zþ 12:2

zþ 18
(2)

where z (in centimeters) is the lunar regolith depth.

2.1. Lunar Surface Layer Structure Model

[11] A lunar surface layer structure can be divided into the reg-
olith layer and the underlying rock media, as shown in Figure 1.
Furthermore, to consider the nonuniform permittivity e profiles
of the regolith, usually, the regolith layer is subdivided into
multilayers. The change of permittivity at interfaces between
adjacent layers in the regolith is so small that the effects of
the roughness of interfaces on the radiation can be neglected,
that is, the interfaces between the regolith sublayers are con-
sidered as planes. However, the top surface of the regolith
layer is the interface between the vacuum and the regolith,
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where the permittivity suddenly changes, so it should be seen
as a slightly rough surface at the microwave frequency we are
interested in. The vacuum is considered as the first layer and
the underlying rock media as the (n+1)th layer. The ith layer
is bounded on the top by the (i � 1)th surface and on the bot-
tom by the ith surface. The first interface is the rough surface
with mean plane z = 0. The ith layer is characterized by a com-
plex permittivity ei= eR,i� jeI,i, the complex wave impedance
�i, an absorption coefficient kei, and a complex wave number
ki ¼ o

ffiffiffiffiffiffiffiffi
m0ei

p
, where m0 is the magnetic permeability and o is

the frequency in radians per second. In addition, if we write
ki=bi� jai, then bi is the phase constant, and ai is the attenu-
ation constant. The complex permittivity is almost constant
across the dust layer with a depth of 2 cm [Zheng, 2005],
which is set as the top layer of the regolith, that is, the second
layer shown in Figure 1

2.2. Temperature Profile

[12] To calculate the lunar TBs, we need to know the
temperature profile in advance, which can be obtained by
solving the following heat conduction equation:

@

@z
K z;Tð Þ @T

@z

� �
þ Q z;Tð Þ ¼ r z;Tð Þc z;Tð Þ @T

@z
(3)

where r(z,T ), c(z,T ), and K(z,T ) are the bulk density,
specific heat, and heat conductivity at temperature T and
depth z, respectively. Q(z,T) is the constant flux originating
from internal heat sources, which is negligible.
[13] Here the regolith is divided into two layers that differ

in thermal conductivity [Mitchell and de Pater, 1994;
Vasavada et al., 1999]. The thermal conductivity has the

form K ¼ Kc 1þ w T
T350

� �3
� �

, where T is temperature, Kc is

the solid conductivity, and w is the ratio of radiative to solid
conductivity at a temperature of 350 K. For the top layer
which extends from the surface to a depth of 2 cm, we have
Kc = 9.22� 10� 4W m� 1 K� 1 and w = 1.48 [Li et al., 2009].
For the following layer, which ranges from 2 cm to the depth
of the regolith, we have Kc = 4� 10� 2W m� 1 K� 1, and
w= 1.48 according to the data from Vasavada et al. [1999].
The heat capacity has the form C(T) = c1T

3 + c2T
2 + c3T+ c4

[Vasavada et al., 1999], with c1 = 0.03142 � 10� 7,
c2 =� 0.03366 � 10� 4, c3 =0.15899 � 10� 2,and c4 =� 0.05277.
[14] Figure 2 shows the simulated surface temperature as

a function of local time at Apollo 15, which is compared
with the measured surface temperature at Apollo 15. The
horizontal axis is the hours after noon. Obviously, the simu-
lation result is well coincident with the measured data
[Wieczorek and Huang, 2006].

2.3. Equivalent TB Model

[15] Since all interfaces but the top are plane, we can
derive out the TB contributions from the n � 1 layers below
the dust layer by the model [Burke et al., 1979] for the strat-
ified medium with plane interfaces. Then, the contribution
from the n � 1 layers can be seen as the one from an equiv-
alent layer, which is named the third layer. As shown in
Figure 3, the vacuum is the first layer, the dust layer is the
second layer, and the equivalent is the third layer.
[16] The TB TB, p(θ1,f1,1

+) viewed from the vacuum at
a nadir angle θ1 (also called incidence angle) and an azimuth

Figure 1. Stratified model of the lunar surface.
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Figure 2. Comparison of the simulation and measurement
of surface temperatures during a lunation at Apollo 15.
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angle f1 are composed of two parts: (1) TB2,p(θ1,f1,1
+),

the contribution from the radiation of the second layer; and
(2) TB3,p(θ1,f1,1

+), the contribution from the radiation of
the third layer, where 1+ corresponds to a point located just
above the first interface. Then, the total observed TB in p po-
larization is TB,p(θ1,f1,1

+) =TB3,p(θ1,f1,1
+) +TB2,p(θ1,f1,1

+),
where p can be h, the horizontal polarization, or v, the vertical
polarization. For simplicity, all contributions involving second-
or higher-order reflections will be ignored when calculating TB,
p(θ1,f1,1

+). Then, TB2,p(θ1,f1,1
+) includes both the upward radi-

ation of layer 2 TB2_up,p(θ1,f1,1
+) and the downward radiation

of layer 2 reflected at the second interface and attenuated by this
layer TB2_dn,p(θ1,f1,1

+). TB3,p(θ1,f1,1
+) only includes the up-

ward radiation of layer 3 attenuated by layer 2.

2.3.1. TB3,p(θ1,f1,1
+)

[17] It is assumed that the TB in the direction of θ2 just
above the second interface from the radiation of layer 3 is
TB3,p(θ2,2

+), which then transmits to the direction of obser-
vation (θ1,f1) in layer 1. We have

TB3;p θ1;f1; θ2;f2;1
þ� 	 ¼ TB3;p θ2; 2þð Þ

L2
�t12pp θ1;f1; θ2;f2ð Þ� e2

e1

þTB3;q θ2; 2þð Þ
L2

�t12pq θ1;f1; θ2;f2ð Þ� e2
e1
(4)

where L2 ¼ eke2�d2 secθ2 and ke2 � Im 2o
ffiffiffiffiffiffiffiffiffi
m0e2

p� 	
if ignoring

the effect of volume scattering. t12pq θ1;f1; θ2;f2ð Þ is the
bidirectional transmission coefficient for q polarization inci-
dent of layer 2 in the direction (θ2,f2) and the p polarization
transmitted wave of layer 1 in the direction (θ1,f1), where p
can be h or v. Since the distribution of local elevations for
lunar soil is typically well described by Gaussian statistics
[Helfenstein and Shepard, 1999], then the lunar surface of
small-scale roughness is assumed Gaussian here, i.e., the
Gaussian height distribution and Gaussian autocorrelation
function W(�), as used in Appendix. We utilize the second-
order SPM to calculate the bidirectional transmission coeffi-
cient [Chen et al., 2011] t12pq θ1;f1; θ2;f2ð Þ. It can be divided
into zero-order contribution t 0ð Þ

p θ2c;f2cð Þ, first-order contribu-
tion t 1ð Þ12

pp θ1;f1; θ2;f2ð Þ and t 1ð Þ12
pq θ1;f1; θ2;f2ð Þ, and second-

order contribution t 2ð Þ
p θ2c;f2cð Þ, where θ2c,f2c correspond to

the direction of coherent transmission, determined by k1 sin
θ1 = k2 sin θ2c, f2c=f1. Then, we have

TB3;p θ1;f11
þð Þ ¼

Z 2p

0
df2

Z p=2

0
sinθ2dθ2½TB3;p θ2;f2; 2

þð Þ

� 1
L2

�t 1ð Þ12
pp θ1;f1; θ2;f2ð Þ� e2

e1

þ
Z 2p

0
df2

Z p=2

0
sinθ2dθ2½TB3;q θ2;f2; 2

þð Þ

� 1
L2

�t 1ð Þ12
pq θ1;f1; θ2;f2ð Þ�� e2

e1

þTB3;p θ2c;f2c; 2
þð Þ� 1

L2
�t 0ð Þ
p θ2c;f2cð Þ

þTB3;p θ2c;f2c; 2
þð Þ� 1

L2
�t 2ð Þ
p θ2c;f2cð Þ:

(5)

[18] The expressions of t 0ð Þ
p θ2c;f2cð Þ , t 2ð Þ

p θ2c;f2cð Þ ,

t 1ð Þ12
pp θ1;f1; θ2;f2ð Þ, and t 1ð Þ12

pq θ1;f1; θ2;f2ð Þ are given in the
Appendix, and the derivation is given by Chen et al. [2011].
[19] In (5), the first and second terms on the right side are the

contribution of the first-order transmission, corresponding to the
no-coherent transmission, while the third and fourth terms are
the contributions of the zero- and second-order coherent
transmissions.
[20] Using the method by Burke et al. [1979], we can

obtain the TB just above the second interface from the
radiation of layer 3, TB3,p(θ2,2

+), which is the contribution
of the upward radiation of the rock media and all the regolith
but the dust layer, i.e.,

TB3;p θ2; 2þð Þ ¼ 1� Γ2;p θ2ð Þ� 	XNþ1

i¼3

Ts;i 1� 1

Li


 �
1þ Γi;p θið Þ

Li


 �Yi
j¼4

1� Γj�1;p θj�1

� 	
Lj�1

� �( )

(6)
where Ts,i is the physical temperatures of the ith layer; Li=
exp(kei � di � sec θi), kei � Im 2o

ffiffiffiffiffiffiffiffi
m0ei

p� 	
, di is the thickness

of the ith layer, the refraction angle in the ith layer defined
relative to the zenith is θi, which is related to θi+ 1 by Snell’s

Figure 3. Equivalent stratified model of the lunar surface.
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law sinθi ¼ kiþ1

ki
sinθiþ1 , Γi,p(θi) = |Ri,p(θi)|

2, and the Fresnel
coefficients Ri,p(θi) for the horizontal and vertical polariza-
tions, respectively, are

Ri;h ¼ �iþ1 cosθi�1 � �i cosθi
�iþ1 cosθi�1 þ �i cosθi

;Ri;v ¼ �i cosθi�1 � �iþ1 cosθi
�i cosθi�1 þ �iþ1 cosθi

;

�i ¼
ffiffiffiffiffi
m0
ei

r
:

[21] Because layer 3 is semi-infinite, its effective reflectivity

is defined as r3;p θ2; 2þð Þ ¼ 1� TB3;p θ2;2þð Þ
Tg

. If it is assumed that

Ts,i=Tg, then r3,p(θ2,2
+) can be written as

r3;p θ2; 2þð Þ ¼ 1� 1� Γ2;p θ2ð Þ� 	XNþ1

i¼3

1� 1

Li


 �
1þ Γi;p θið Þ

Li


 �Yi
j¼4

1� Γj�1;p θj�1

� 	
Lj�1

� �( )
:

(7)

2.3.2. TB2,p(θ1,f1,1
+)

[22] As is shown above, TB2,p(θ1,f1,1
+) includes both the

layer 2’s upward radiation, TB2 _ up,p(θ1,f1,1
+), and the layer

2’s downward radiation reflected at the second interface and
attenuated by this layer, TB2 _ dn,p(θ1,f1,1

+).

2.3.2.1. TB2 _up,p(θ1,f1,1
+)

[23] We can write TB2 _ up,p(θ1,f1,1
+) as

TB2up;p θ1;f11
þð Þ ¼

Z 2p

0
df2

Z p=2

0
sinθ2dθ2�TB2up;p θ2;f2; 1

�ð Þ�

t 1ð Þ12
pp θ1;f1; θ2;f2ð Þ� e2

e1

þ
Z 2p

0
df2

Z p=2

0
sinθ2dθ2�TB2up;q θ2;f2; 1

�ð Þ�

t 1ð Þ12
pq θ1;f1; θ2;f2ð Þ� e2

e1

þTB2up;p θ2c;f2c; 1
�ð Þ�t 0ð Þ

p θ2c;f2cð Þ

þTB2up;p θ2c;f2c; 1
�ð Þ�t 2ð Þ

p θ2c;f2cð Þ ð8Þ

where TB2 _ up,p(θ2,f2,1
�) and TB2 _ up,q(θ2,f2,1

�) are the
TBs just below the first interface from the upward radiation
of layer 2 in p and q polarizations, respectively. Since layer 2
is approximately uniform and its temperature varies with depth,
we can derive out TB2 _ up,p(θ2,1

�) and TB2 _ up,q(θ2,1
�) by

using the radiation transfer theory

TB2up;p θ2; 1�ð Þ ¼ TB2up;q θ2; 1�ð Þ ¼ T0 1� 1

L2


 �

þg
d2
L2

� 1

ke2 secθ2
1� 1

L2


 �� � (9)

where T0 is the surface temperature, and g is the temperature
varying rate in the dust layer.In (8), the first and second
terms are the contributions of the noncoherent radiation,
and the third and fourth terms are the coherent contributions.

2.3.2.2. TB2 _ dn,p(θ1,f1,1
+)

[24] It is assumed that TB2 _ dn,p(θ2,2
+) and TB2 _ dn,q(θ2,2

+)
are the TBs just above the second interface from the downward
going radiation of layer 2 in p and q polarizations, respectively.
Then, we can write TB2 _ dn,p(θ1,f1,1

+) as

TB2dn;p θ1;f11
þð Þ ¼

Z 2p

0
df2

Z p=2

0
sinθ2dθ2�TB2dn;p θ2;f2; 2

þð Þ�

r3;p θ2; 2þð Þ� 1
L2

�t 1ð Þ12
pp θ1;f1; θ2;f2ð Þ� e2

e1

þ
Z 2p

0
df2

Z p=2

0
sinθ2dθ2�TB2dn;q θ2;f2; 2

þð Þ�

r3;q θ2; 2þð Þ� 1
L2

�t 1ð Þ12
pq θ1;f1; θ2;f2ð Þ� e2

e1
þTB2up;p θ2c;f2c; 2

þð Þ�r3;p θ2c; 2þð Þ
� 1
L2

�t 0ð Þ
p θ2c;f2cð Þ þ TB2up;p θ2c;f2c; 2

þð Þ�
r3;p θ2c; 2þð Þ� 1

L2
�t 2ð Þ
p θ2c;f2cð Þ

(10)

where TB2dn;p θ2; 2þð Þ ¼ TB2dn;q θ2; 2þð Þ ¼ T0 1� 1
L2

� �
þ

g �d2 þ 1
ke2 secθ2

1� 1
L2

� �h i
.
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Figure 4. TBs at the Apollo12 area as a function of h when
the incidence angle is 0�, m= 0.29.
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[25] Finally, the total TB viewed in the direction (θ1,f1)
by the radiometer is TB,p(θ1,f1,1

+) = TB3,p(θ1,f1,1
+) +

TB2 _ up,p(θ1,f1,1
+) + TB2 _ dn,p(θ1,f1,1

+).

3. Simulations and Discussions

[26] According to the model above, the TBs of the typical
mare area, i.e., the Apollo 12 area, are simulated under
different small-scale roughness values. For simplicity, the
mare surface is assumed to be isotropic Gaussian, then the
TBs are irrelevant to the azimuth angle f1 of the radiometer.
The effects of small-scale roughness, incidence angle, fre-
quency, and polarization on the TBs are analyzed.
[27] We first analyze the effects of RMS height deviation

h and RMS slope m on the TBs at 3 and 7.8 GHz when
the incidence angle is 0�. m ¼ ffiffiffi

2
p

h=l, where l is the correla-
tion length. According to the analysis of the sample of lunar
maria [Helfenstein and Shepard, 1999], the average RMS
slope angle is 16� for lunar maria, and h is in the range of
0.9–3.6 mm. Then, given m = tg16� = 0.29, the TBs at the

Apollo 12 area varying with h are shown in Figure 4. It is
shown that the TBs at the two frequencies increase with h.
It is noted that the TB at 7.8 GHz decreases when h is about
2.3 mm, for this calculation of 7.8 GHz is already out of the
validity of the second-order SPM for h> 2 mm [Thorsos
and Jackson, 1989; Li et al., 1999; Sanchez-Gil et al.
1995]. We can find that the TBs of 3 GHz increase by about
2 K when h increases from 0.9 to 3.6 mm. For the Apollo 12
area, the average range of elevations of h is 1.35� 0.64 mm,
as shown in 0.7–2 mm, then the TB change of 3 GHz is about
0.5 K, and the TB change of 7.8 GHz is about 2 K.
[28] Given h = 1.35 mm, the TBs at the Apollo 12 area

varying with m are shown in Figure 5. It is shown that
TBs at the two frequencies increase with m.
[29] Since a major goal of the CE’1 radiometer is to infer

regolith properties and thickness, then we need to compare
the range of expected temperatures due to regolith thickness
with the likely range of roughness-induced changes. For the
Apollo 12 area, the TBs varying with the regolith depth at
the 0� incidence angle are shown in Figure 6, where the
FeO+TiO2 abundance S = 18.38. It is shown that the depths
approaching the constant TBs at 37, 19.35, 7.8, and 3 GHz
are about 0.5, 1, 2.2, and 4 m, respectively. From Figure 6,
it is shown that only the 3 GHz channel has any chance of
determining regolith thickness and only when the thickness
is 4 m or less when S= 18.38. At greater thickness, there is
no additional discrimination. It is noted that the FeO+TiO2

abundance has a significant effect on the saturation depth,
because it is directly related to the complex permittivity.
Generally, the FeO +TiO2 abundance in lunar maria is big-
ger than that in lunar highlands. For examples, in lunar
maria, S = 23.2 at Apollo 11 and S= 18.38 at Apollo 12; in
lunar highlands, S = 12.12 at Apollo 14 and S= 5.55 at
Apollo 16. Figure 7 is same as Figure 6 but for S=5.55. It
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Figure 6. TBs varying with regolith depth when the inci-
dence angle is 0�, S = 18.38.
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Figure 7. TBs varying with regolith depth when the inci-
dence angle is 0�, S = 5.5.

Table 1. Three Surface-Roughness Conditions

Surface h (mm) l (mm) m

S1 0.90 4.39 0.29
S2 1.80 7.27 0.35
S3 2.30 7.74 0.42
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Figure 8. TBs varying with frequency when the incidence
angle is 0�, under different small-scale roughness conditions.
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shown that the saturation depths increase at all four frequencies,
and the detectable thickness of 3 GHz is about 8 m. The detailed
study on the FeO+TiO2 abundance distribution of the whole
Moon is available in Yan et al. [2012].
[30] Based on the analysis of the sample from Apollo12

[Helfenstein and Shepard, 1999], three surface-roughness con-
ditions S1, S2, and S3 are chosen, as shown in Table 1, with h
varying from about 0.9 to 2.3 mm, and RMS slope m, from
about 0.29 to 0.42, l is the correlation length. In addition, S0
is referred to flat surface. Figure 8 gives TBs varying with fre-
quency under these three surface-roughness conditions when
incidence angle is 0�.
[31] From Figure 8, it is found that TB increases with increas-

ing frequency for a flat surface S0 and small roughness surfaces
S1 and S2. However, for a larger roughness surface S3, TB will
decrease when frequency f is over about 15 GHz. This is
because the calculation for f> 10 GHz for roughness S3 is
out of the validity range of the second SPM [Thorsos and
Jackson, 1989; Li et al., 1999; Sanchez-Gil et al., 1995]. So
only the TBs at 3 and 7.8 GHz channels are simulated here.

[32] Figures 9–12 show that TB varies with incidence
angle under h and v polarizations for 3 and 7.8 GHz,
respectively.
[33] From Figure 9, TBs of rough surfaces for the

horizontal polarization at 3 GHz are 1–2 K larger than that
of the flat surface for all incidence angles. Larger rough-
ness causes higher TB. From Figure 10, TBs of rough
surfaces for the vertical polarization are 1–2 K larger
when the incidence angle is 0�. The TB differences
between rough and flat surfaces become smaller as the
incidence angle increases.
[34] From Figure 11, for 7.8 GHz, TBs of rough surfaces

for the horizontal polarization are 1–6 K larger than that of
the flat surface for all incidence angles. As the same from
Figure 9, larger roughness causes higher TB. From
Figure 12, TBs of rough surfaces for the vertical polarization
are 1–5 K larger when the incidence angle is 0�. For a larger
incidence angle, the difference becomes smaller. When the
incidence angle is larger than 40�, TBs of rough surfaces
are lower than that of the flat surface.

Figure 12. TBs varying with incidence angle at 7.8 GHz,
v polarization.

Figure 11. TBs varying with incidence angle at 7.8 GHz,
h polarization.

Figure 10. TBs varying with incidence angle at 3 GHz,
v polarization.

Figure 9. TBs varying with incidence angle at 3 GHz,
h polarization.
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4. Conclusions

[35] To study the effects of slight roughness of the lunar
surface on TBs, we propose a microwave TB model by com-
bining the radiative transfer theory and the second-order
SPM. According to the model, the TBs of the typical mare
area, i.e., the Apollo 12 area, under different roughness
conditions are calculated. It is shown that:
1. When the incidence angle is 0�, a slightly rough surface

will increase the microwave radiative TB of the lunar
surface, and the increment is related to the frequency and
the surface small-scale roughness parameters.
2. Under h polarization, the slightly rough surface will

increase the microwave radiative TBs of lunar surfaces, and
the TBs decrease when the incidence angle is rising, which
is similar to the results given by Shin and Kong [1982].
3. Under v polarization, the small-scale roughness will

increase the microwave radiative TBs of the lunar surface
with small incidence angles, while the small-scale roughness
will reduce the TBs with large incidence angles, which is also
similar to the results given by Shin and Kong [1982].
4. Only the 3 GHz channel has any chance of determining

regolith thickness, and the detectable thickness is closely
related to the FeO+TiO2 abundance S. When S = 18.38,
the detectable thickness is below about 4 m, while when
S= 5.5, the detectable depth is about 8 m.
The uncertainties of 3 GHz TB linked with mean small-

scale surface roughness at Apollo 12 are on the order of
0.5 K. In this area, the TB variation by the thickness from
1 to 4 m is about 2 K, and the effect of small-scale surface
roughness should be considered in thickness inversion.

[36] The model we have proposed is applicable to flat terrains
where the mean surface of the regolith surface can be considered
as a plane, such as the maria.While for those areas with a greatly
undulating terrain, the mean surface of which is no longer a
plane, this model is no longer valid. In this case, the large-
scale roughness needs to be considered further in the TBmodels.
[37] Although in the presented TB model a Gaussian

height distribution and a Gaussian autocorrelation function
are assumed for the mare surface of small roughness, the
TB model can be also suitable for other kinds of small-
scale rough surface, such as the unisotropic exponential au-
tocorrelation surface and the fractal surface. The effects of
different choices on TBs are worthy of further study.

Appendix

[38] Equation (5) is written again for convenience, i.e.,

TB3;p θ1;f1; 1
þð Þ ¼

Z 2p

0
df2

Z p=2

0
sinθ2dθ2

½TB3;p θ2;f2; 2
þð Þ� 1

L2
�t 1ð Þ12
pp θ1;f1; θ2;f2ð Þ� e2

e1

þ
Z 2p

0
df2

Z p=2

0
sinθ2dθ2½TB3;q θ2;f2; 2

þð Þ� 1
L2

�t 1ð Þ12
pq

θ1;f1; θ2;f2ð Þ�� e2
e1

þ TB3;p θ2c;f2c; 2
þð Þ� 1

L2
�t 0ð Þ
p θ2c;f2cð Þ

þTB3;p θ2c;f2c; 2
þð Þ� 1

L2
�t 2ð Þ
p θ2c;f2cð Þ

where θ2c corresponds to the direction of coherent transmission,
which is determined by

k1 sinθ1 ¼ k2 sinθ2c;f2c ¼ f1

t 1ð Þ12
hh θ1;f1; θ2;f2ð Þ ¼ �2

�1
k21 cosθ1W �k1⊥ � �k2⊥

� 	
f 1ð Þ
hh

�k1⊥; �k2⊥
� 	��� ���2

t 1ð Þ12
vv θ1;f1; θ2;f2ð Þ ¼ �2

�1
k21 cosθ1W �k1⊥ � �k2⊥

� 	
f 1ð Þ
vv

�k1⊥; �k2⊥
� 	�� ��2

t 1ð Þ12
vh θ1;f1; θ2;f2ð Þ ¼ �2

�1
k21 cosθ1W �k1⊥ � �k2⊥

� 	
f 1ð Þ
vh

�k1⊥; �k2⊥
� 	��� ���2

t 1ð Þ12
hv θ1;f1; θ2;f2ð Þ ¼ �2

�1
k21 cosθ1W �k1⊥ � �k2⊥

� 	
f 1ð Þ
hv

�k1⊥; ; �k2⊥
� 	��� ���2

t 0ð Þ
h θ2c;f2cð Þ¼

ffiffiffiffi
e2

pffiffiffiffi
e1

p 1þRh0 θ2cð Þj j2 t 0ð Þ
v θ2c;f2cð Þ¼ e2

ffiffiffiffi
e2

p
e1

ffiffiffiffi
e1

p 1þRv0 θ2cð Þj j2

Rh0 ¼ k2 cosθ2c � k1 cosθ1
k2 cosθ2c þ k1 cosθ1

Rv0 ¼
k21k2 cosθ2c � k22 k1 cosθ1
k21k2 cosθ2c þ k22 k1 cosθ1

where k2, �2, and e2 are the wave number, wave impedance,
and permittivity of layer 2, respectively, and k1, �1, and e1
are the wave number, wave impedance, and permittivity of
layer 1, respectively. Thus

t 2ð Þ
h θ2c;f2cð Þ ¼ 2Re

ffiffiffiffi
e2

pffiffiffiffi
e1

p � 1þ Rh0ð Þ�f 	 2ð Þ
hh k2⊥ð Þ

� �
; t 2ð Þ

v θ2c;f2cð Þ

¼ 2Re
e2
e1
� 1þ Rv0ð Þ�f 	 2ð Þ

vv k2⊥ð Þ
� �

f 2ð Þ
hh

�k2⊥
� 	 ¼ kzi k21 � k22

� 	
kzi þ k1zið Þ2

�
k1zi � kzið Þ

Z 1

�1
d�k1⊥W �k1⊥ � �k2⊥

� 	

�2 k21 � k22
� 	Z 1

�1
d�k1⊥W �k1⊥ � �k2⊥

� 	

� sin2 f1 � f2ð Þ kzk1z
k21kz þ k22k1z

þ cos2 f1 � f2ð Þ 1

k1z þ kz

� �

f 2ð Þ
vv

�k2⊥
� 	 ¼ k1 k21 � k22

� 	
kzi

k21kzi þ k22k1zi
� 	2

�Z 1

�1
d�k1⊥W �k1⊥ � �k2⊥

� 	
k2 k21kzi � k22k1zi
� 	þ 2

Z 1

�1
d�k1⊥W �k1⊥ � �k2⊥

� 	

�
�
� k2kzik1zi k21 � k22 ; kz þ k1z sin

2 f1 � f2ð Þ þ 1

k21kz þ k22k1z
� k2 k21 � k2

2
� 	

k2rik
2
r


 �
þ krkrik2 kz þ k1zð Þ k22k1zi � k21kzi

� 	
cos f1 � f2ð Þ � k2kzk1zkzik1zi k

2
1 � k2

2
� 	

cos2 f1 � f2ð ÞÞ�g:
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[39] For the isotropic Gaussian correlation function

W �k1⊥ � �k2⊥
� 	 ¼ h2l2

4p
expð�

k2r þ k2ri

� �
l2

4
þ krkril2

2
cos f1 � f2ð ÞÞ

kzi ¼ k2 cosθ2c; k1zi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k21 � k22 sin

2θ2c
q

; k1z ¼ k1 cosθ1; kz

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k22 � k21 sin

2θ1
q

; kri ¼ k2 sinθ2c; kr ¼ k1 sinθ1;

�k1⊥ ¼ k1xx̂ þ k1yŷ ¼ kr cosf1x̂ þ kr sinf1ŷ; �k2⊥ ¼ k2xx̂ þ k2yŷ
¼ kri cosf2x̂ þ kri sinf2ŷ:
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