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1. Introduction
1.  Lunar Regolith
      Previous investigations have shown that almost the entire lunar surface consists of a regolith layer 
      that completely covers the underlying bedrock. 
2. The Thickness of the Regolith is Important
     (1) It is an indication of the lunar surface: the older the lunar surface, the thicker the reolith.
     (2) Landing site selection for future missions, such as for heat flow experiments.
     (3) The regolith contains valuable resources and volatiles, and future human activates will use regolith for
          building materials and shielding,  
3.  Previous Approaches
     (1) Direct in situ measurement during Apollo missions, such as seismic and multifrequency electromagnetic 
          probing experiments [1, 2].   
     (2) Study of impact crater morphology and crater size-frequency distributions [3].
     (3) Remote sensing techniques, Earth-based radar [4], Chang-E 1 microwave radiometer [5], 
          and Kaguya lunar radar sounder [6].
     The first two approaches can be applied only to small regions, whereas the uncertainties in the calibration 
     of remote sensing data and a simplified regolith model that did not consider buried rocks have limited 
     the third approach. 
4. Purpose of This Study
    Obtain a much more accurate regolith map for the lunar nearside hemisphere using a rigorous radar
    scattering model and the newly acquired Earth-based 70-cm Arecibo radar data.

2. Approach

Figure 1. Flow chart for regolith thickness inversion.

To Obtain A Much More Accurate Regolith Thickness Map, We Need: 
(1) Well-calibrated radar data with penetration depths that can reach the underlying bedrock.  
(2) A rigorous radar scattering model that takes into account the effect of buried rocks.
(3) Three important parameters: dielectric permittivity of the regolith, the lunar surface roughness,  and the size 
      and abundance of buried rocks.   

3. Radar Scattering Model and Data
1. Radar Scattering Model 2. Earth-based 70 cm Arecibo Radar Data

Here we use the newly acquired Earth-based Arecibo radar data [8], 
the wavelength is 70 cm, the nominal penetration depth is 1-30 m 
depending on the composition of the regolith, the spatial resolution is 
400 m and the calibration uncertainty is 3 dB.

Figure 2.  Schematic diagram of the lunar surface that consists of a
 regolith, embedded rocks, and underlying bedrock [7].

Figure 3.  Five radar scattering mechanisms [7]. 
Surface            Subsurface          Volume                Subsurface-Volume Figure 4.  70 cm opposite sense radar data [8], the red stars are 

places where the composition and the regolith thickness are known. 

5. Dielectric Propertis of the Lunar Regolith
1. Why is Dielectric Permittivity Important? 
    For maria, a 10% uncertainty can cause an inversion error of 0.3-0.8 m in regolith thickness. The imaginary part is
    more important than the real part by a factor of about 2. 
2. Reanalysis of the Dielectric Properties of the Apollo Regolith Samples

Porosity = 0.45
′ε = 2.78

log10 tanδ( ) = −2.4 + 0.071TiO2

Figure 7.  Regression line between loss tangent
 and  TiO2 (wt. %) for the Apollo regolith samples. 

Figure 8. Predicted loss tangent of lunar regolith 
over the lunar surface. 
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4. Constraints on Lunar Surface Roughness
     and Size and Abundance of Buried Rocks

1. Effect of Surface Roughnss and Buried Rocks

Figure 5. Comparsion of radar echo strengths between model prediction and observations: (a) effect of 
 lunar surface roughness (b) effects of size and abundance of buried rocks.

(a) (b)

Figure 6. (a) Relatvie error of radar backscattering coefficients between observation and model prediction for
 site 9.2b , (rock size is 0.03 m). (b) Bestfit between observation and model as a function of rock size. 
 (c) Relation between buried rocks and surface roughenss at site 9.2b. (d) Relation between buried rocks and 
 surface roughenss at 9 sites over the lunar nearside (Figure. 4).

6. Validation of Regolith Thickness Inversion Procedure 

Figure 10. Cumulative distribution of regolith 
thickness for the regions in Figure 9. 

Figure. 9. Inverted regolith thickness at site 9.2b (a region 
close to Surveyor 1), where the rms slope is 3°, rock number 
is 40/m  and its radius is 3 cm. The average regolith thickness 
at this site is estimated to be 8-9 m by Oberbeck and Quaide [3].

7. Preliminary Results and Conclusions
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1. Preliminary Inversion Results

2. Conclusions

In this study, we use vector radiative transfer to calculate the radar echo
from the lunar surface. The radar echo contains scattering from the rough 
surface and subsurface, volume scattering from buried rocks, and 
interactions between surface, subsurface and buried rocks. 

2. Relation between Surface Roughness and the Size and Abundance of Rock

We assume an rms surface slope of 3° for maria and 5° for highlands, a rock size of 3 cm and the abundance of buried rocks to be 30/m .
The inverted regolith thickness are shown for Mare Crisium, the northern part of Oceanus Procellarum, and two highlands regions.    
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Figure 11a. Inverted regolith thickness in the region of Mare Crisium. Figure 11a. Inverted regolith thickness for the northern 
part of Oceanus Procellarum.

Figure 11c. Inverted regolith thickness for highlands regions 1. Figure 11d. Inverted regolith thickness over over highlands regions 2.

(1) The dielectric constant of the lunar regolith depends only on TiO2 content, but not FeO+TiO2 content.
(2) If we can estimated the lunar surface roughness from high resolution topography data, then we can estimate the size or abundance of buried 
      rocks from radar observations.
(3) Preliminary inversion result show the regolith thickness over the maria is no more than 10 m, whereas that of the highlands varies from several 
      meters to more than 20 m. 
(4) To get accurate regolith thicknesses, well-calibrated radar data are nessary, and we need to know the size and abundance of buried rocks and 
      lunar surface roughness.
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