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Abstract

Context. The surface composition of the Moon has mainly determined based on the visible and near-infrared spectra achieved from orbits and/or landing sites, and the spectroscopic analysis is based on photometric properties of the topmost lunar regolith. However, the lack of a ground truth for the photometric parameters of the undisturbed lunar surface has limited accurate applications of spectral observations.

Aims. Here we report the photometric properties of the small-scale (i.e., centimeter level) undisturbed lunar regolith around the Chang’E-4 landing site, determined from a series of photometric experiments conducted by the rover Yutu-2.

Methods. The simplified Hapke model was used to derive the photometric properties. The micro-topographic effect on the spectral measurements was corrected for the first time in the in situ photometric investigations on the Moon, which improves the accuracy of the derived photometric parameters.

Results. The single-scattering albedo w and two parameters (b, c) of the Henyey-Greenstein phase function were derived, and they show a wavelength dependence. The regolith at the Chang’E-4 landing site exhibits strong forward scattering according to the retrieved c values, and the higher asymmetry parameter indicates that the regolith here is more strongly forward scattering than the Apollo lunar soil samples. The derived photometric parameters can serve as ground truth and can be used in the radiative transfer modeling analysis of the orbital remote-sensing data.
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1 Introduction
The global and in situ mineral compositions of the lunar surface as well as the space weathering of the lunar soil can be derived from the spectral measurements, with the known photometric properties of the lunar surface, including the porosity K, the single-scattering albedo w, and the two parameters (b, c) of the Henyey-Greenstein phase function. The photometric properties of the lunar surface play key roles in interpreting spectroscopic measurements (e.g., Shkuratov et al. 2011; Hapke 2012a; Jin et al. 2015). Accurate photometric parameters of lunar regolith are essential to characterize its spectroscopic properties and to precisely estimate the mineral abundances. In the past decades, the photometric properties of lunar regolith have been investigated by laboratory measurements of the Apollo lunar samples and simulated samples, Earth-based observations, and orbital remote sensing. For example, a few photometric experiments have been conducted with both synthetic and natural terrestrial granular samples (Mcguire & Hapke 1995; Souchon et al. 2011) and the Apollo samples (Johnson et al. 2013). Although these measurements provided important clues on understanding the photometric properties of lunar regolith, it is difficult to simulate the pristine lunar surface with laboratory measurements. The reflectance data acquired by the Lunar Reconnaissance Orbiter (LRO) have been used to calculate the photometric parameters (Hapke et al. 2012; Sato et al. 2014; Liu et al. 2018) of lunar regolith. Orbital constraints generally do not allow observing a given target with many different viewing geometries (Lin et al. 2020a). Chang’E-3 (CE-3) only acquired four spectra at different sites, which is insufficient to derive the photometric parameters. The three-band panoramic camera (PCAM) images acquired by CE-3 have been used to extract the phase curve and determine the photometric parameters of the lunar surface (Jin et al. 2015), but the lack of measurements at longer wavelengths may have constrained the application of these derived phase functions to other spectroscopic observations. In addition, microtopographic irregularities, which might introduce large uncertainties in the spectral properties of the surface regolith, were ignored in previous studies.
In January 2019, the Chang’E-4 (CE-4) mission successfully landed in the Von Kármán crater within the South-Pole Aitken (SPA) basin, and the rover Yutu-2 has been exploring the lunar surface since then. In order to solve the problems discussed above, the in situ photometric experiments (Fig. 1a) with the Visible and Near-Infrared Imaging Spectrometer (VNIS) on board the Yutu-2 rover were conducted on the tenth lunar day of the mission operations. The spectra of the same area were acquired at different viewing geometries (i.e., incidence angle i, emission angle e, and phase angle g), providing an unprecedented dataset (Fig. 2) and a unique perspective to understand the photometric properties of the lunar surface. TheCE-4 landing site is suggested to be covered by the ejecta from the neighboring Finsen crater (Gou et al. 2019; Hu et al. 2019; Li et al. 2019a; Lin et al. 2020b; Qiao et al. 2019). The digital elevation model (DEM) with a resolution of 5 cm generated using PCAM images indicates that the landing site is about 70 m higher than the mare basalts within the Von Kármán crater (Di et al. 2011). The measurements conducted by the lunar penetrating radar (LPR) on board the Yutu-2 rover suggest an about 11 m thick regolith layer on the top of the crater ejecta (Lai et al. 2019). The modeled age of the landing region is up to 3.6 Ga (e.g., Huang et al. 2018; Ling et al. 2019). The regolith of the uppermost layer may have been churned often enough to be homogenized in composition both vertically and laterally at the landing site. Therefore, the surface at the landing region is likely rather homogeneous in composition, providing an ideal site for conducting a series of photometric experiments. The spectra were acquired at site 1 (Fig. 1b) and site 2 (Fig. 1c). The phase angles of these spectra range from 54.79° to 111.57°. The stereo pair with high spatial resolutions were also acquired during the spectral measurements, which allow us to study the topographic effects on the spectral observations.
	[image: thumbnail]	Fig. 1
Spectrophotometric measurements of lunar regolith by the Yutu-2 rover. Panel a: illustration of photometric experimentsconducted by the Yutu-2 rover. The VNIS collected spectral data at the same location, but different solar angles. Two adjacent sites were measured in the morning and afternoon, respectively. Panels b and c: images acquired by the hazard-avoidance camera (HAZCAM) at sites 1 and 2, respectively. The red rectangle is the viewing field of the CMOS imager. The inset images within panels b and c show a close-up view of lunar regolith imaged by the CMOS, and the yellow circle is the field of view of SWIR.



	[image: thumbnail]	Fig. 2
VNIS spectra acquired by Yutu-2. Panel a: site 1 and panel b: site 2.



2 Data and methods
2.1 VNIS instrument and data preprocessing
The VNIS instrument on board the Yutu-2 rover measures the lunar surface from a height of about 1 m. It has two detectors that includea complementary metal-oxide semiconductor (CMOS) imager and a short-wavelength near-infrared (SWIR) detector (He et al. 2019). The spectral resolution of the CMOS imager is 2.4–6.5 nm from 450 to 945 nm and that of the SWIR detector is 3.6–9.6 nm from 900 to 2395 nm (He et al. 2014; Li et al. 2019b). The spatial calibration between the CMOS and SWIR field was made in the laboratory. The CMOS image is 15 cm × 21 cm, and the SWIR field covers a circular region with a radius of ~3.5 cm within the CMOS image (Fig. 1).
The DN values acquired by the VNIS instrument are converted into radiance data by dark reduction, background removal, thermal correction, and radiometric calibration (He et al. 2014; Liu et al. 2014; Li et al. 2019b). The radiance used in this study was in-flight calibrated using the valid measurements of the Lambertian reference plate on board the rover (Xu et al. 2014). The reflectance (reflectance factor, REFF) was retrieved from radiance by dividing the solar irradiance (Gueymard 2004; Wu et al. 2018),
[image: equation](1)
where J(λ) is the solar irradiance (Gueymard 2004) at wavelength λ, D is the distance between the Sun and the Moon (AU), i′ is the topographically corrected incidence angle (see Sect. 2.2), LH is the measured radiance, and S(λ) is the spectral response of the VNIS sensors.
2.2 Topographic correction
The azimuth angle of the rover location is defined as 0. A right-handed Cartesian coordinate system (XY Z) is used in this work (Fig. 3). The direction toward the rover is defined as the forward direction of the X-axis. In this coordinate system, the incidence vector is [sin(i) × cos(φ), − sin(i) × sin(φ), cos(i)], and the emission vector is [sin(e), 0, cos(e)], where i, e, and φ are the incidence angle, emission angle, and relative azimuth angle between the rover and the Sun, respectively. The local topography affects the normal vector. The slope along the rover observation direction is defined as θ1, and the slope perpendicular to the rover observation direction is defined as θ2. The length of the projection of the normal vector onto the YOZ plane is defined as [image: equation], onto the XOZ plane defined as [image: equation], and onto the Z-axis, it is defined as [image: equation]. In this case, the new normal vector that accounts for the local topography can be written as [p2 × sin(θ1), p1 × sin(θ2), p3]. Thus, the corrected incidence angle i′ and the corrected emission angle e′ can be calculated using the vector product principle with the derived new normal vector. The angle between the incidence vector and emission vector is the phase angle g, which does not change with topography. The slope angles can be derived from the DEM (Di et al. 2011), which was generated using the images acquired by the HAZCAM.
2.3 Photometric model for parameter determination
We employed the Hapke model to derive the photometric properties of lunar regolith. The reflectance r (reflectance factor, REFF) can be written as (Hapke 2012b)
[image: equation](2)
where K is the porosity factor, w is the single-scattering albedo, μ0 and μe are the cosines of the incidence angle (i) and emission angle (e), respectively, p(g) is the phase function, BS 0 is the amplitude of the shadow-hiding opposition effect (SHOE) function and BS (g) is the SHOE function, BC 0 is the amplitude of the coherent backscattering opposition effect (CBOE), and BC (g) is the CBOE function, and finally, H(x) is the Ambartsumian-Chandrasekhar H function.
The two-parameter Henyey-Greenstein phase function p (g) was employed,
[image: equation](3)
where b ∈ [0, 1] is the shape-controlling parameter and c is the relative strength of the backward and forward lobes.
The H function is approximated by (Hapke 2012b)
[image: equation](4)
where r0 is the diffusive reflectance, which can be expressed as
[image: equation](5)
The porosity factor K was set to 1.0 because the value of the filling factor of the uppermost layer of the lunar soil is unknown (Hapke et al. 2012; Sato et al. 2014). The value of the SHOE function and COBE are significant only at very small phase angle. The phase angles of all observations in this study are greater than 50°, and we therefore ignored the SHOE and COBE functions. Then Eq. (2) would have three free parameters (w, b, and c). We note that the parameters c and b in the Henyey-Greenstein phase function may be correlated with each other, and they can be expressed as an empirical hockey-stick relation (Hapke 2012a),
[image: equation](6)
This allows us to compare the relationship between the c and b values derived in this study to the hockey-stick relation.
The nonlinear least-squares method was employed to solve Eq. (2). The determination of initial values of the free parameters has significant effects on the final results. Therefore we combined a heuristic piecewise approach and a grid-search method (Hapke et al. 2012; Jin et al. 2015) to fit the phase curves. To avoiding random initial values, we conducted a grid search in parameter space of the free parameters for each model to determine the parameter values of the first band. The lower bounds, steps, and upper bounds were set as w = [0.1, 0.1, 1], b = [0.1, 0.1, 1], and c = [−1, 0.1, 2]. The model fit with the minimum RMSE was accepted. The final parameter values of the band were set as the initial values of the next band. To solve the nonlinear least-squares algorithm, we constrained the values of w and b to between 0 and 1.
	[image: thumbnail]	Fig. 3
Illustration of viewing geometries and effect of microtopography. Panel a: relations between the viewing angles. i, e, and g are the incidence angle, emission angle, and phase angle, respectively, and i′ and e′ are the incidence and emission angles after topographical correction. θ1 and θ2 are the slope angles along and perpendicular to the rover viewing direction, respectively. Panel b: corrected angles. φ is the relative azimuth angle between the rover and the Sun, p1 is the length of the projection of the normal vector onto the YOZ plane, p2 is the length of the projection of the normal vector onto the XOZ plane, and p3 is the length of the projection of the normal vector onto the Z-axis.



3 Results and discussions
3.1 Topographic features of the explored area
Of the two sites that were explored on the tenth day of the rover operations, site 1 is located on a sloped surface, whereas site 2 is located at the edge of a small crater, as is shown in the high-resolution images (Fig. 1). The spatial resolution of the derived DEM is better than 2 cm. The slope angles of site 1 are 7.4° and 1.9° in the rover viewing direction and perpendicular to the rover viewing direction, respectively (Fig. 4a). The slope angles of site 2 are − 1.5° and 4.7° tilted in the rover viewing direction and perpendicular to the rover viewing direction, respectively (Fig. 4b). The topographic slopes would bias the true values of the viewing geometry angles, which might affect the spectral properties and thus the geological interpretations. We therefore derived the local viewing geometry angles for all the spectral measurements using the method described in Sect. 2.2 to account for the topographic effects (Fig. 4c). The corrected angles are listed in Table 1.
3.2 Phase curves and photometric parameters of lunar regolith
The reflectance was obtained from the radiance using the solar irradiance calibration method (Eq. (1)). The albedo at the same wavelength changed after topographic correction, indicating that the topography affects the shapes of the phase curves. The phase curves of the representative wavelengths, which were extracted from the spectra, are shown in Fig. 5. Overall, the reflectance increases with increasing wavelength, which is consistent with the reddish spectra of the Moon. This may be caused by space weathering, which produces abundant agglutinates and submicroscopic metallic iron (SMFe; Pieters et al. 2000, 2016). The reflectance values decrease with the increase in phase angles, and then it increases at phase angles greater than 80° (Fig. 5b).
The reflectance variation of the same location at different phase angles in Fig. 5 is dominantly controlled by the phase function of lunar regolith. The phase curves corrected for the topographic effect were fit using the three-parameter (i.e., single-scattering albedo w, phase function parameters b and c) version of Hapke’s model (Eq. (2)) to obtain the photometric parameters. The phase-curve fitting at the representative wavelengths is shown in Fig. 6a. The model gives a high fitting quality with a small root-mean-square error (RMSE). Most RMSE values are lower than 10−2. However, the curve fitting seems worse at longer wavelengths, likely because the reflectance increases, the noise level is higher, and because of thermal emission at longer wavelengths. The strongest deviation between the observed and modeled values occurs at a phase angle of 80° (Fig. 6a), which might be caused by the effects of the shadows caused by the low solar altitude.
The discontinuities in CE-4 spectra and in these Hapke parameters are caused by the differences between the spectral responses of the CMOS and SWIR detectors.The differences between the CMOS and the SWIR measurements over 900–945 nm may vary with the change of measurement geometries. We therefore carried out photometric modeling of the CMOS and SWIR data separately. As shown in Fig. 6, the results suggest that these parameters are wavelength dependent. The single-sattering albedo of the regolith derived from the spectral measurement before and after topographic correction is similar in the CMOS bands, whereas the variations of single-scattering albedo at longer wavelength are evident (Fig. 6b). The phase function parameters b and c show large variations before and after topographic correction. Interestingly, the relations between b and c for the uncorrected and corrected case are not consistent with those derived in laboratory measurements (Fig. 7), although the corrected case is closer to the L-shaped region (i.e, to the hockey-stick relation). The c values are comparable with the Aplollo samples, but the b values are much higher, suggesting that the scattered lobes of the pristine lunar surface are higher and narrower. The scattering properties of the samples vary with the grain sizes, shapes, the state of sample compaction, etc. (Shepard & Helfenstein 2007; Souchon et al. 2011). It is difficult to simulate thestacking structure of the lunar surface, such as the fairy-castle structure (Jaffe 1965), with laboratory samples. The phase curves show that light is more scattered at large phase angles after topographic correction (Fig. 5), indicating strong forward-scattering properties of the regolith. This is consistent with the negative c values in the Henyey-Greenstein phase function (e.g., Hapke 2012a). The regolith at the CE-4 landing site exhibits forward scattering that is similar to that of the Apollo samples (Johnson et al. 2013) (Fig. 7). When the fitted b and c values are used, the asymmetry parameter ⟨cos θ⟩ = −b × c (Hapke 2012b) can be obtained. The asymmetry parameter of CE-4 (0.39 ± 0.06) is larger than those of the Apollo samples (0.12 ± 0.02), suggesting a stronger forward-scattering lobe (Fig. 7). We note that the asymmetry parameters between CE-3 and CE-4 are also differnent, although they were both derived from the measurements of undisturbed regolith. Several factors may have caused this difference. First, the composition of the CE-3 and CE-4 landing sites is different. The regolith at the CE-3 landing site is high-titanium basalt, while that at the CE-4 landing site may consist of norite (Lin et al. 2020b). Second, the difference in space-weathering degree may have caused the difference. The CE-4 landing area (~3.6 Ga) is older than that of CE-3 (~2.96 Ga), indicating that the regolith at the CE-4 landing area is more mature (Huang et al. 2018). Alternatively, the difference might be due to the photometric measurement method. The photometric data of CE-3 were obtained using the panorama camera (PCAM), which covers a large circular area (~20 m diameter) (Jin et al. 2015), where the measurements were not repeatedly conducted over the same area. In contrast, the VNIS instrument on board the Yutu-2 rover of CE-4 measured exactly the same area under varied viewing geometries, which essentially provided more reliable photometeric measurements. The photometric parameters derived from these in situ measurements provide important insight on the scattering properties of the lunar regolith. Our analysis also indicates that the topography has strong effects on the photometric values derived from the in situ spectral measurements of the lunar regolith, and these effects need to be corrected for. The photometric parameters to which the topographic correction is applied are critical for obtaining more accurate information on the mineral abundance at the landing site. The wavelength-dependent b and c values in the two-parameter Henyey-Greenstein phase function, derived from CE-4 in situ meaurements, can serve as ground truth and can be used in the radiative transfer modeling analysis of the orbital remote-sensing data.
	[image: thumbnail]	Fig. 4
Microtopographic features of explored area and the corrected measurement angles. Panel a: DEM generated using the images acquired by HAZCAM at site 1. The context of the region is shown in Fig. 1b. Topographic profiles from A to A′ and B to B′ are indicated. Panel b: DEM generated using the images acquired by HAZCAM at site 2. The context of the region is shown in Fig. 1c. Topographic profiles from C to C′ and D to D′
are also indicated. The blue line is the field of view of SWIR.



Table 1

Incidence angle, emission angle, and phase angle of all measurements for the original and the corrected angles that take the topography into account.

	[image: thumbnail]	Fig. 5
Phase curves at five different wavelengths derived from in situ spectral observations. Panel a: variation of the reflectance with phase angles at representative wavelengths derived from spectral measurements at a wide range of phase angles from 54.79° to 111.57°. Panel b: same dataset as in panel a, but after correction for the microtopography effect.



	[image: thumbnail]	Fig. 6
Derived Hapke model parameters of lunar regolith. Panel a: model fits of the phase curves at 480, 570, 750, 1000, and 1580 nm. The open circles show measurements, and the solid circles show the modeled values. Panel b: variation of the single-scattering albedo w with wavelength. Panel c: variation of the phase function parameter b with wavelength. Panel d: variation of the phase function parameter c with wavelength.



	[image: thumbnail]	Fig. 7
Relation between phase function parameters b and c (modified from Sato et al. 2014). The phase function parameters of pure minerals were calculated using the data in Yang et al. (2018). We show the lunar simulated regolith (Zheng et al. 2009; Lin et al. 2020b), and regolith at the Chang’E-3 landing site as well as Apollo soil (Johnson et al. 2013) for comparison. The areas marked with the dashed black and red lines arethe data points derived using the CE-4 reflectance without and with topographic correction, respectively.



4 Conclusions
A series of in situ photometric measurements were conducted by the Yutu-2 rover. They provide an excellent opportunity to study the photometric properties of the lunar regolith. Microtopographic correction was performed on these measurements, and the phase curves were derived. We then estimated the single-scattering albedo w and two parameters b and c in the two-parameter Henyey-Greenstein phase function using the simplified Hapke model. Our results show that these parameters show a strong wavelength dependence. The regolith at the CE-4 landing site exhibits forward scattering based on the negative c values. Compared to the Apollo samples, the regolith at the CE-4 landing site has stronger forward scattering, as indicated by the higher asymmetry parameter. The derived photometric parameters are critical for a quantitative analysis of the mineral abundances at the landing site from the VNIR spectra collected in situ, and they also provide critical ground truth for the photometric correction of orbital data.
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All Tables
Table 1

Incidence angle, emission angle, and phase angle of all measurements for the original and the corrected angles that take the topography into account.
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	[image: thumbnail]	Fig. 1
Spectrophotometric measurements of lunar regolith by the Yutu-2 rover. Panel a: illustration of photometric experimentsconducted by the Yutu-2 rover. The VNIS collected spectral data at the same location, but different solar angles. Two adjacent sites were measured in the morning and afternoon, respectively. Panels b and c: images acquired by the hazard-avoidance camera (HAZCAM) at sites 1 and 2, respectively. The red rectangle is the viewing field of the CMOS imager. The inset images within panels b and c show a close-up view of lunar regolith imaged by the CMOS, and the yellow circle is the field of view of SWIR.
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	[image: thumbnail]	Fig. 2
VNIS spectra acquired by Yutu-2. Panel a: site 1 and panel b: site 2.
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	[image: thumbnail]	Fig. 3
Illustration of viewing geometries and effect of microtopography. Panel a: relations between the viewing angles. i, e, and g are the incidence angle, emission angle, and phase angle, respectively, and i′ and e′ are the incidence and emission angles after topographical correction. θ1 and θ2 are the slope angles along and perpendicular to the rover viewing direction, respectively. Panel b: corrected angles. φ is the relative azimuth angle between the rover and the Sun, p1 is the length of the projection of the normal vector onto the YOZ plane, p2 is the length of the projection of the normal vector onto the XOZ plane, and p3 is the length of the projection of the normal vector onto the Z-axis.
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	[image: thumbnail]	Fig. 4
Microtopographic features of explored area and the corrected measurement angles. Panel a: DEM generated using the images acquired by HAZCAM at site 1. The context of the region is shown in Fig. 1b. Topographic profiles from A to A′ and B to B′ are indicated. Panel b: DEM generated using the images acquired by HAZCAM at site 2. The context of the region is shown in Fig. 1c. Topographic profiles from C to C′ and D to D′
are also indicated. The blue line is the field of view of SWIR.
In the text



	[image: thumbnail]	Fig. 5
Phase curves at five different wavelengths derived from in situ spectral observations. Panel a: variation of the reflectance with phase angles at representative wavelengths derived from spectral measurements at a wide range of phase angles from 54.79° to 111.57°. Panel b: same dataset as in panel a, but after correction for the microtopography effect.
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	[image: thumbnail]	Fig. 6
Derived Hapke model parameters of lunar regolith. Panel a: model fits of the phase curves at 480, 570, 750, 1000, and 1580 nm. The open circles show measurements, and the solid circles show the modeled values. Panel b: variation of the single-scattering albedo w with wavelength. Panel c: variation of the phase function parameter b with wavelength. Panel d: variation of the phase function parameter c with wavelength.
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Relation between phase function parameters b and c (modified from Sato et al. 2014). The phase function parameters of pure minerals were calculated using the data in Yang et al. (2018). We show the lunar simulated regolith (Zheng et al. 2009; Lin et al. 2020b), and regolith at the Chang’E-3 landing site as well as Apollo soil (Johnson et al. 2013) for comparison. The areas marked with the dashed black and red lines arethe data points derived using the CE-4 reflectance without and with topographic correction, respectively.
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      Fig. 1 

      
        [image: thumbnail]
      

      
Spectrophotometric measurements of lunar regolith by the Yutu-2 rover. Panel a: illustration of photometric experimentsconducted by the Yutu-2 rover. The VNIS collected spectral data at the same location, but different solar angles. Two adjacent sites were measured in the morning and afternoon, respectively. Panels b and c: images acquired by the hazard-avoidance camera (HAZCAM) at sites 1 and 2, respectively. The red rectangle is the viewing field of the CMOS imager. The inset images within panels b and c show a close-up view of lunar regolith imaged by the CMOS, and the yellow circle is the field of view of SWIR.


    

  
    
      Fig. 2 
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VNIS spectra acquired by Yutu-2. Panel a: site 1 and panel b: site 2.


    

  
    
      Fig. 3 
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Illustration of viewing geometries and effect of microtopography. Panel a: relations between the viewing angles. i, e, and g are the incidence angle, emission angle, and phase angle, respectively, and i′ and e′ are the incidence and emission angles after topographical correction. θ1 and θ2 are the slope angles along and perpendicular to the rover viewing direction, respectively. Panel b: corrected angles. φ is the relative azimuth angle between the rover and the Sun, p1 is the length of the projection of the normal vector onto the YOZ plane, p2 is the length of the projection of the normal vector onto the XOZ plane, and p3 is the length of the projection of the normal vector onto the Z-axis.


    

  
    
      Fig. 4 
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Microtopographic features of explored area and the corrected measurement angles. Panel a: DEM generated using the images acquired by HAZCAM at site 1. The context of the region is shown in Fig. 1b. Topographic profiles from A to A′ and B to B′ are indicated. Panel b: DEM generated using the images acquired by HAZCAM at site 2. The context of the region is shown in Fig. 1c. Topographic profiles from C to C′ and D to D′
are also indicated. The blue line is the field of view of SWIR.


    

  
    Table 1 

Incidence angle, emission angle, and phase angle of all measurements for the original and the corrected angles that take the topography into account.



	Data ID
	i
	Corrected i
	e
	Corrected e
	g
	φ





	N68
	76.58
	74.51
	48.27
	40.91
	79.38
	272.36



	N69
	75.98
	73.82
	48.27
	40.91
	78.49
	273.04



	N70
	71.36
	68.55
	48.27
	40.91
	71.49
	278.52



	N71
	70.14
	67.15
	48.27
	40.91
	69.60
	280.04



	N72
	69.61
	66.54
	48.27
	40.91
	68.78
	280.72



	N73
	68.90
	65.73
	48.27
	40.91
	67.66
	281.64



	N74
	68.33
	65.07
	48.27
	40.91
	66.76
	282.39



	N75
	63.74
	59.75
	48.27
	40.91
	59.24
	288.91



	N76
	62.86
	58.72
	48.27
	40.91
	57.73
	290.29



	N77
	62.05
	57.77
	48.27
	40.91
	56.32
	291.58



	N78
	61.18
	56.74
	48.27
	40.91
	54.79
	293.02



	N79
	57.24
	59.72
	44.41
	46.10
	91.03
	133.42



	N80
	57.85
	60.24
	44.41
	46.10
	92.07
	134.62



	N81
	58.26
	60.59
	44.41
	46.10
	92.77
	135.43



	N82
	58.71
	60.97
	44.41
	46.10
	93.52
	136.30



	N83
	59.21
	61.40
	44.41
	46.10
	94.34
	137.22



	N84
	63.47
	65.08
	44.41
	46.10
	100.94
	144.37



	N85
	64.09
	65.62
	44.41
	46.10
	101.87
	145.33



	N86
	64.61
	66.08
	44.41
	46.10
	102.62
	146.09



	N87
	65.19
	66.59
	44.41
	46.10
	103.46
	146.96



	N88
	65.78
	67.10
	44.41
	46.10
	104.30
	147.80



	N89
	66.34
	67.60
	44.41
	46.10
	105.09
	148.59



	N90
	71.08
	71.79
	44.41
	46.10
	111.57
	154.84






  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
Phase curves at five different wavelengths derived from in situ spectral observations. Panel a: variation of the reflectance with phase angles at representative wavelengths derived from spectral measurements at a wide range of phase angles from 54.79° to 111.57°. Panel b: same dataset as in panel a, but after correction for the microtopography effect.


    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
Derived Hapke model parameters of lunar regolith. Panel a: model fits of the phase curves at 480, 570, 750, 1000, and 1580 nm. The open circles show measurements, and the solid circles show the modeled values. Panel b: variation of the single-scattering albedo w with wavelength. Panel c: variation of the phase function parameter b with wavelength. Panel d: variation of the phase function parameter c with wavelength.


    

  
    
      Fig. 7 
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Relation between phase function parameters b and c (modified from Sato et al. 2014). The phase function parameters of pure minerals were calculated using the data in Yang et al. (2018). We show the lunar simulated regolith (Zheng et al. 2009; Lin et al. 2020b), and regolith at the Chang’E-3 landing site as well as Apollo soil (Johnson et al. 2013) for comparison. The areas marked with the dashed black and red lines arethe data points derived using the CE-4 reflectance without and with topographic correction, respectively.
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