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Abstract

:

Due to the complicated terrain and extreme illumination condition in the lunar south polar region, topography has an impact on the reflectance of the area. This may result in the misinterpretation of the properties of the lunar surface. Therefore, an image obtained across Shackleton Crater by the Multi-band Imager (MI) onboard the first Japanese lunar orbiter SELENE (SELenological and ENgineering Explorer) was utilized to evaluate the topographic effect on the reflectance of the polar region. Three methods—i.e., b correction, C correction, and Minnaert correction—were applied to the MI image to reduce the topographic effect. It was found that the reflectance result of C correction suffers from overcorrection. The topographic effect is enlarged, rather than suppressed, in the reflectance derived with Minnaert correction. Comparatively, b correction is the more appropriate method for the topographic correction of the MI image across the study area. The reflectance of the sunlit slope of the crater wall in the study area decreased by ~60%. The reflectance of the area outside of the crater, with a gentler slope compared to the crater wall, decreased by ~20%. Meanwhile, according to the correlation of the cosine of the local solar incidence angle and the corrected reflectance, the topographic effect was seemingly not completely eliminated in the MI image. However, by analyzing the spectral absorption features of the 1250 nm band, we can attribute this “residual” effect to the different compositions inside and outside of Shackleton Crater, most likely caused by a high concentration of plagioclase. Topographic correction of the MI images over NASA candidate landing regions was also conducted. The results suggest that the topographic effect can contribute significantly to the reflectance of the sunlit slopes, and should not be neglected in the analysis of the reflectance images. This study highlights the topographic impact on the reflectance of the lunar south pole’s surface. In addition, our results also suggest that the compositional differences under various terrains should be considered in the evaluation of the topographic correction of specific regions, such as Shackleton Crater’s inner walls.
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1. Introduction


The lunar south pole is a candidate site of high priority for future Moon missions. It features the presence of water ice deposits [1] and other polar volatiles chemicals [2], which are of great importance in understanding the Moon’s evolution and exploiting the lunar resources. NASA’s volatiles investigating polar exploration rover mission intends to land in and traverse the lunar south polar region, exploring the distribution and state of volatiles (e.g., water ice), and evaluating the potential for in situ lunar resource utilization [3]. NASA is also developing a human spaceflight program to land astronauts at the lunar south pole by 2024 [4]. China has planned the Chang’e-7 probe to perform a precise landing in the Moon’s polar regions and a hopping detection in its shadowed areas (from the white paper "China’s Space Program: A 2021 Perspective"). China has also released a plan to construct a research station in the lunar south polar region. The potential site of the "Moon Village" proposed by ESA is around the Shackleton Crater at the lunar south pole [5]. The Russian Luna 25 rover will land at the lunar south pole and search for water [6].



The lunar south pole is massively cratered, producing a rugged surface. Therefore, even with the low solar elevation angle (~1.5°) induced by the high latitude and small rotational inclination, the sunlit slope can exhibit a high reflectance. This is called the “topographic effect”, which emphasizes the fact that the sunlit surface receives more illumination than the shaded slope. For example, it has been reported that the reflectance of the inner wall of Shackleton Crater can be higher than 20% [1,7,8]. Assuming that the high reflectance is due to the presence of water ice deposits, this magnitude of reflectance is equivalent to 20–30 w.t.% water ice. While the high-reflectance regions are mostly in the crater walls, they are highly impacted by the topographic effect. The reported high reflectance around Shackleton Crater [1,7,8] may be due to the sunlit slope, rather than the existence of water ice. Thus, the derived water ice concentration may be misinterpreted. Additionally, although Shackleton Crater is rugged overall, it has small areas those are with flat terrain and long-term illumination conditions [9,10]. Therefore, it is one of the current candidate sites for several future lunar missions based on the consideration of science and engineering. The reflectance of the crater is fundamental both for geological study and mission design (e.g., instrument design and traverse path planning). To investigate the topographic effect on the reflectance, the images captured by the Multi-band Imager (MI)—a high-resolution imaging camera onboard the Japanese Moon orbiter SELENE (SELenological and ENgineering Explorer) [11]—were utilized to conduct topographic correction and evaluation. The MI operates in the visible (VIS) and near-infrared (NIR) wavelengths, covering the characteristic absorption bands of common lunar minerals [11]; it has the capacity to determine the reflectance of the lunar south polar region, with a relatively high resolution and signal-to-noise ratio.



Many methods based on digital elevation models (DEMs) have been developed to reduce the topographic effect. These methods can be divided into three types: empirical, semi-empirical, and physical methods. The b correction—an empirical method—corrects the topographic effect based on the empirical relationship between the radiance and the illumination conditions [12]. This relationship can be described by an exponential or linear function. The selection of the function depends on the specific characteristics of the target remote sensing images [12]. The cosine correction—a physical method—is based on Lambert’s cosine law; it corrects the topographic effect based on the incidence angle and radiance data [13], and has been further developed as cosine-C correction to compensate for the overcorrection in low-illumination conditions by considering the average solar irradiance [14]. A physical method based on the assumption of non-Lambertian surface, known as Minnaert correction, includes a k constant to take the anisotropic scattering into account in order to improve the correction on the shaded slope [15]. C correction is a semi-empirical method, including an empirical correction factor c based on the cosine correction to take scatter radiation into account [13]. There are also some methods developed dedicated to the Earth’s forest stands based on the sun–canopy–sensor (SCS) geometry, such as SCS correction [16], SCS-C correction [17], and Minnaert-SCS correction [18]. These methods illustrate the fact that trees on the slope are not normal to the surface, but perpendicular to the geoid [16]. For the lunar and Martian surfaces, where no plants are presented, SCS-like methods are not suitable.



Studies have reported that although various topographic correction methods are well-developed, thefeasibility of methods for specific remote sensing data needs to be evaluated [19,20,21]. For MI images, few studies on their topographic correction have been reported. Thus, in order to assess the topographic effect on the reflectance of Shackleton Crater, three typical methods—i.e., b correction, C correction, and Minnaert correction—were applied to an MI image taken over the Shackleton Crater’s rims. The correction results were analyzed, and the most suitable method for reducing the topographic effect in MI images was selected. The remainder of this paper is organized as follows: A brief introduction of the data and methods is given in Section 2. In Section 3, the correction results are evaluated. We state our conclusions in Section 4.




2. Data and Methods


2.1. MI Reflectance and LOLA DEM


The MI is designed to observe the global mineral composition of the lunar surface [11]; it has a spatial resolution of 20 m in VIS and 62 m in NIR, with an orbital altitude of 100 km. The specifications and performance of the MI can be found in [11]. The MI image of the study area is shown in Figure 1a; it contains part of the inner wall of the Shackleton Crater, with a diameter of ~21 km, a depth of ~4.2 km, and an area of ~6000 km2. Due to the low solar elevation angle and rugged terrain, most of the crater interiors are permanently shadowed regions (PSRs) [9], where the water ice deposits may be presented and accumulated due to the low temperature [1,22]. Figure 1a shows the 1050 nm reflectance image obtained by the MI on 14th February 2008. The image covers the lunar south pole; it was obtained with a spacecraft altitude of ~106 km, and the solar zenith and azimuth angles were 89.8° and 18.8°, respectively. The emission and phase angles are 1.7° and 88.7°, respectively. From these observation geometries, it can be seen that the sunlight almost comes from the horizon. With such extreme illumination conditions, the lunar surface whose slope is not facing to the Sun is extremely dark; its calibrated reflectance is close to zero. Meanwhile, for the sunlit slope, the reflectance reaches a maximum of 0.167. The contrast of the reflectance between the sunlit and shaded slopes is highly correlated with the topography, as shown in Figure 1.



The DEM used in this study was obtained by the LOLA (Lunar Orbiter Laser Altimeter) onboard the LRO (Lunar Reconnaissance Orbiter). LOLA is designed to determine the shape of the Moon at high resolution [23]. It has 5 beams to measure the range from the instrument to the lunar surface [23]. The derived LOLA DEM with a spatial resolution of 5 m over the lunar south pole was first resampled to the same resolution as the MI image; then, it was co-registered with the MI image with longitude and latitude, and manually adjusted to achieve better matching for each. The 3D view of the MI image overlaid on the LOLA DEM is shown in Figure 1b, where it can be seen that the variation in reflectance is highly correlated with the topography and the illumination geometries. The slope map derived from the LOLA DEM of the same area shown in Figure 1a is displayed in Figure 1c. Pixels with slope lower than 5° are marked in red. In Figure 1c, only some pixels at the crater rim are relatively flat around the crater. The average reflectance of these pixels is ~0.01 over four NIR bands. It should be noted that this reflectance was measured under a large phase angle, as mentioned above. Since the Moon is airless, little sunlight can be scattered on the shaded slope. The signal-to-noise ratio (SNR) of these slope pixels is very low, resulting invalid data in this region. Thus, in practice, the pixels for which   cos  i   (see Equation (1)) is negative are masked for calculation.




2.2. Models for Topographic Correction


Three methods were chosen to reduce the topographic effect in the MI image, i.e., b correction, C correction, and Minnaert correction. Considering the local topography, the local illumination can be described as follows:


  cos  i = cos  z · cos  S + sin  z · sin  S · cos (  Φ s  − A )  



(1)




where i is the local solar incidence angle, z is the solar zenith angle, S is the slope angle,   Φ s   is the solar azimuth angle, and A is the slope aspect. In b correction, the empirical relationship between   cos  i   and observed reflectance can be fitted as follows:


   L T  =  a 1  +  b 1  · cos  i  



(2)




where   L T   is the MI reflectance. With   b 1  ,   L T   can be corrected as follows:


   L H  =  L T  · exp  [  b 1  ·  ( cos  z − cos  i )  ]   



(3)




where   L H   is the corrected reflectance.



In C correction, the   L T   over the slope is corrected to flat terrain as follows:


   L H  =  L T      cos  z + c   cos  i + c     



(4)







The coefficient c is obtained as follows:


  c =  a 1  /  b 1   



(5)




where   a 1   and   b 1   are fitted using Equation (2).



The Minnaert method introduces a constant k under the assumption of a non-Lambertian surface. The corrected reflectance can be written as follows:


   L H  =  L T      cos  S    ( cos  S · c o s  i )  k     



(6)




where k is used to represent the roughness of the surface, which can overcome the overcorrection of the methods such as those used in cosine correction, and can be estimated regressively. When k = 1, the surface is a Lambert reflector [15].




2.3. Data Processing


The preprocessing of the MI image and the LOLA DEM is shown in Figure 2. The MI level 1 radiance data were downloaded from the JAXA data archives and transmission system. The MI image was first converted to an image cube file; then it was calibrated in therms of reflectance. After that, the corresponding geometry (i.e., longitude and latitude) and illumination conditions (i.e., solar elevation angle, solar azimuth angle, and emission angle) of each pixel were derived using the USGS Integrated Software for Imagers and Spectrometers [24]. The longitude and latitude were used to georeference and project the images of the reflectance and illumination angles. The 5 m LOLA DEM is were resampled to the resolution of the MI image; then, the DEM and the MI image were matched coarsely based on their geographical positions, and adjusted precisely by selecting the correspondence points. The slope and aspect of the study area were computed with the DEM. Thus, the spatially consistent MI reflectance, illumination angles, slope, and aspect, were derived and prepared for use in topographic correction.





3. Results and Discussion


3.1. Correlation of the Reflectance and   cos  i  


The correlation between the reflectance and the cosine of the local solar incidence angle is shown in Figure 3. For the original image, the reflectance and   cos  i   are positively correlated. As shown in Figure 3a, the   cos  i   is typically lower than 0.3, indicating that more than 85% of the local incidence angles of the valid pixels in the image are larger than 70°. This indicates that even when taking the terrain into account, the surface of the lunar polar region is still observed with large incidence and phase angles. This relatively extreme condition is mainly due to the low solar elevation angle of the study area at a high latitude of the Moon. In Figure 3b–d, the correlations of   cos  i   and the corrected reflectance with the three methods are shown. In Figure 3, the scatter points are fitted with linear polynomials. The slopes of the four polynomials are 0.097, 0.029, 0.002, and 0.068, respectively. Compared with the original image, the correlations of the reflectance and   cos  i   after b and C correction are significantly reduced, by 70% and 98%, respectively. Additionally, the reflectance corrected with the C method was mainly clustered below 0.04, indicating the darkest pixels among the four plots. The slope of reflectance corrected with the Minnaert method was slightly decreased. The scatter points of the corrected reflectance largely moved upward, as seen in Figure 3d, and their vertical extent was enlarged, meaning that the image was brightened in both sunlit and shadowed slopes, which was not expected after topographic correction.




3.2. Reflectance Images after Topographic Correction


Figure 4 shows the corrected reflectance images at 1050 nm with the b, C, and Minnaert correction methods. These images are drawn with the same color scale as Figure 1a. Compared with the original MI images, the contrast of the reflectance corrected with the b and C methods is reduced. The reflectance of the sunlit slopes is decreased, and it is close to that of the flat area outside the crater. However, the overall hue of the C-corrected reflectance is dark compared with the other two methods, most likely indicating an overcorrection. The reflectance corrected with the Minnaert method shares similar contrast characteristics with the original image, suggesting that the topographic correction may not have had a positive effect on the MI image. The reflectance of the inner wall of the crater is increased, which was not expected in the topographically corrected images. Additionally, some white spots can be seen in Figure 4c. These artificial pixels are unreasonable; thus, the results suggest that the Minnaert correction is not suitable for the topographic correction of the MI images. Overall, the reflectance image after b correction is relatively acceptable, as shown in Figure 3 and Figure 4. The difference in the reflectance with various local incidence angles is reduced, indicating that the topographic effect has been suppressed. The reflectance image tends to be more homogeneous, and no obvious overcorrection is observed.



The frequencies of the reflectance of the original MI images and those corrected with the three methods are shown in Figure 5. Before the topographic correction, the value of the reflectance extends to a larger range compared with those of the images corrected with the b and C methods, while the image corrected using the Minnaert methods features the brightest reflectance among the four histograms. There are three peaks in the histogram of the original MI image, around 0., 0.02, and 0.1. The first peak, close to zero, reveals the fact that the shadowed area barely receives solar illumination—especially the PSR, such as the inside of Shackleton Crater in the study area. The second peak, around 0.02, represents the area outside the crater, which has a gentler slope compared with the inner wall of the crater, as shown in Figure 1b. The third peak, with a value of ~0.1, shows the high reflectance of the sunlit inner wall of Shackleton Crater. After topographic correction, the second and third peaks shift leftwards to 0.016 and 0.04, corresponding to a 20% and 60% decrease in reflectance, respectively. The difference in the decrease in reflectance is to be expected, since the inner wall of the crater has a more significant topographic effect due to its deeper slope than the area outside the crater (see Figure 1b). In the histogram of the image corrected with the C methods, only one peak around 0.01 is observed, excluding the one representing the shadowed area.



The mean and the standard deviation of the reflectance before and after topographic correction for the four bands are shown in Table 1. The statistical performance of the four bands is consistent. Both the mean and the standard deviation are decreased after correction. The averaged reflectance for all bands is ~0.03 before correction and ~0.02 after correction, representing a decrease of 33%. The decrease in reflectance is mainly due to the suppression of the topographic effect of the sunlit slope, which has a significantly high reflectance in the original MI image. The standard deviation of reflectance is ~0.031 before correction and 0.016 after correction, representing a reduction of 50%.




3.3. Residual Error Analysis


In Figure 3b, the reflectance corrected with the b method still shows a residual topographic effect, i.e., as the   cos  i   increases, the reflectance increases. This feature is particularly apparent with the pixels for which   cos  i   is greater than 0.3. These pixels are located on the sunlit inner wall of Shackleton Crater. To unveil the possible reason for this phenomenon, a reflectance ratio image across the study area was produced by dividing the reflectance at 1050 nm by the 1250 nm reflectance image, as shown in Figure 6. It can be seen that outside the crater, the reflectance ratio is mainly lower than 1, while, on the inner wall of the crater, the ratio is greater than those outside the crater–typically greater than 1. This ratio difference implies different spectral absorption characteristics. In the crater, the wall features an absorption around 1250 nm. Among the common minerals on the lunar surface, the plagioclase has a similar spectral feature to this. Moreover, the water ice also has an absorption band around 1300 nm. Water ice and plagioclase have both been found in the walls of Shackleton Crater [1,7,25]. These substances have a higher reflectance at the 1050 nm band than that of the common lunar minerals, such as pyroxene and olivine. This could explain why in Figure 3b the scatter points with the   cos  i   greater than ~0.3 have a higher reflectance than those with a relatively small   cos  i  . This is most likely caused by the different compositions inside and outside the crater, resulting in a higher reflectance of the pixels on the inner wall of the crater. Thus, the “residual topographic effect” is reasonable, and will be retained after topographic correction. Additionally, since water ice in the regolith of the cater wall has not been reported in such a large area, the high reflectance of the crater wall is more likely caused mainly caused by the existence of plagioclase, rather than water ice.




3.4. Tests on the Candidate Landing Regions


NASA has released the 13 identified candidates landing regions around lunar south polar region for Artemis III; 5 of them—de Gerlache Rims 1 and 2, Connecting Ridge, Connecting Ridge extension, and Peak Near Shackleton—are located at a latitude above 88°S. The DEMs of these five regions are presented in Figure 7. Three MI images covering these regions were selected. Their spatial coverage is plotted with blue rectangles labeled 1–3, as shown in Figure 7. In this section, the results of the topographic correction of these MI images with the b method are presented. The original and corrected images of the 1050 nm band are shown in Figure 8. It can be seen that after correction, the reflectance of the sunlit area of the three images decreased noticeably, and the homogeneity of the surface was improved. Statistically, the mean reflectance of the MI images of de Gerlache Rims 1 and 2, Connecting Ridge and Connecting Ridge extension, and Peak Near Shackleton, is 0.0244, 0.0290, and 0.0281, respectively. After topographic correction, these values decreased to 0.0071, 0.0119, and 0.0122, respectively. This indicates that terrain has a significant impact on the reflectance. Thus, topographic effects should not be neglected in the analysis of the reflectance of the lunar polar region.





4. Conclusions


The lunar south polar region is an important targeted area for future human Moon missions due to its special geological characteristics. Shackleton Crater in this region is one of the current candidate sites. The reflectance of the lunar surface can be helpful to constrain the composition of the crater, as well as in mission design; however, it may be biased by the topography, leading to a misinterpretation of the properties of the lunar surface. In this paper, a SELENE MI image taken over Shackleton Crater was utilized to investigate and correct the topographic effect. Three methods—i.e., b correction, C correction, and Minnaert correction–were applied to the MI image. By comparing the correlation of local illumination conditions and the corrected reflectance, along with the spatial patterns of the corrected reflectance, we found that although the topographic effect was reduced, overcorrection of the reflectance was observed in the C-corrected image. The topographic effect was not suppressed in the Minnaert-corrected reflectance image; on the other hand, the range of the reflectance was enlarged. Comparatively, the reflectance corrected with the b method yielded more acceptable results. The dependence of the reflectance on the local solar incidence angle was reduced, and the reflectance of the sunlit inner wall of Shackleton Crater decreased by a magnitude of ~60%, while the reflectance of the area outside the crater (which has a gentler slope) decreased by ~20%. Moreover, in the image corrected with the b method, a “residual topographic effect” was noticed and discussed. By comparing the spectral absorption around the 1025 nm band, we inferred that the reason for this may be the presence of high concentrations of plagioclase, leading to a higher reflectance of the inner wall than that of the outside of Shackleton Crater in the MI image. In addition, the topographic correction was also conducted on another three MI images, covering five NASA-released candidate landing regions in the south polar region above 88°S. The corrected results further illustrated the importance of the topographic effect on the MI images in the lunar polar regions. It is worth noting that the reflectance of the study area was corrected to the topography of flat terrain, with a large incidence angle and phase angle in the polar region. If reflectance with standard geometrical conditions is in demand, a photometric correction may needed to be performed on the images [26].
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Figure 1. (a) The MI 1050 nm reflectance image (MNA_2B2_01_01564S899E0672) of the study area—Shackleton Crater and its surrounding area. (b) The 3D view of the MI image (panel a) with the LOLA DEM. (c) The slope of the lunar south polar region derived from the LOLA DEM, with a spatial resolution of 5 m. The red pixels represent the area with a slope lower than 5°. 
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Figure 2. Flow chart of the data processing and topographic correction. 
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Figure 3. The   cos  i   v.s. (a) MI reflectance, and reflectance corrected with (b) b correction, (c) C correction, and (d) Minnaert correction. The color from blue to yellow indicates low to high scatter point density, respectively. 
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Figure 4. Reflectance images at 1050 nm were corrected with (a) b correction, (b) C correction, and (c) Minnaert correction. 
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Figure 5. Histograms of the (a) original MI image, and the corrected MI images with the (b) b, (c) C, and (d) Minnaert methods. Note that the ranges of the x-axes of the subplots are different. 
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Figure 6. Reflectance ratio image of MI 1050/1250 nm across the study area. 
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Figure 7. The candidate landing regions released by NASA—de Gerlache Rims 1 and 2, Connecting Ridge, Connecting Ridge extension, and Peak Near Shackleton—are labeled A–E, respectively. The locations of the selected three MI images that cover these regions are plotted with blue rectangles labeled 1–3. 
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Figure 8. The MI images of (a) de Gerlache Rims 1 and 2, (b) Connecting Ridge and Connecting Ridge extension, and (c) Peak Near Shackleton, corresponding to the blue rectangles 1, 2, and 3 in Figure 7, respectively. Panels (d–f) show the images corrected with the b method. 
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Table 1. Mean and standard deviation of the reflectance before and after topographic correction.
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MI Band (nm)

	
Before Correction

	
After Correction




	
Mean

	
Std.

	
Mean

	
Std.






	
1000

	
0.0289

	
0.0285

	
0.0197

	
0.0144




	
1050

	
0.0297

	
0.0294

	
0.0212

	
0.0161




	
1250

	
0.0320

	
0.0312

	
0.0204

	
0.0156




	
1550

	
0.0379

	
0.0364

	
0.0241

	
0.0185
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