

  remotesensing-14-02137




remotesensing-14-02137







Remote Sens. 2022, 14(9), 2137; doi:10.3390/rs14092137




Article



Initial In-Flight Spectral Calibration of the Near-Infrared Spectra Acquired by the MarSCoDe Onboard the Zhurong Rover



Bing Wu 1,2, Chengyu Liu 1[image: Orcid], Rui Xu 1[image: Orcid], Honglei Lin 3[image: Orcid], Xuesen Xu 4, Wei Yan 5, Yongjian Tan 1,2, Bin Liu 5, Xin Ren 5[image: Orcid], Weiming Xu 1, Xiangfeng Liu 1, Zhenqiang Zhang 1, Benyong Yang 6, Zhiping He 1,2 and Rong Shu 1,2,4,*





1



Key Laboratory of Space Active Opto-Electronics Technology, Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai 200083, China






2



University of Chinese Academy of Sciences, Beijing 100049, China






3



Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China






4



Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences, Hangzhou 310024, China






5



Key Laboratory of Lunar and Deep Space Exploration, National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100101, China






6



Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Hefei 230000, China









*



Correspondence: shurong@mail.sitp.ac.cn







Academic Editors: Lin Li, Yuanzhi Zhang and Shengbo Chen



Received: 30 March 2022 / Accepted: 27 April 2022 / Published: 29 April 2022



Abstract

:

The Zhurong rover successfully landed in southern Utopia Planitia as part of the Tianwen-1 mission on 15 May 2021. One of the objectives of the Mars Surface Composition Detector (MarSCoDe) onboard the rover is to investigate mineral compositions on the Martian surface by measuring the near-infrared reflectance spectra. Before conducting spectral interpretation, in-flight data calibration is a crucial step due to the significant differences between the laboratory and the Martian environment. The work of the MarSCoDe spectrometer is based on an acousto-optic tunable filter (AOTF). The temperature variation of the AOTF could induce wavelength offset, making mineral identification uncertain. We first analyzed the viewing geometry of the spectral measurements of the calibration targets on the Mars rover according to its attitude to identify the anomalous data. The wavelength offsets were then determined by fitting the absorption positions of CO2 at ~1400 and ~2000 nm, representing the primary composition of the Martian atmosphere. The results showed 2–8 nm wavelength offsets, which correlated well with AOTF temperatures. The artifacts were removed in the wavelength-corrected reflectance spectra, which is critical to identify the material types on Mars, especially water-related minerals.
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1. Introduction


The Zhurong rover (Mars 2020 mission, CNSA) is exploring the mineral diversity of southern Utopia Planitia and the characteristics of the Martian topography and geological structure, along with the soil on the Martian surface and the distribution of water and ice, in addition to other scientific objectives [1,2]. Amongst its science payload, the MarSCoDe instrument plays a significant role in the Mars habitability investigation by providing rapid, synergistic, and fine-scale mineralogy, chemistry, and color imaging [3]. It carries a short-wave infrared spectrometer (SWIR), which will obtain short-wave infrared spectra of Martian surface minerals, data that were missing from all exploration missions to Mars until 2020. The SWIR is a miniaturized point spectrometer (~36.5 mrad field of view) located in the MarSCoDe’s detection unit. Its spectral range (0.85–2.4 µm) covers major silicate and hydrated mineral absorption features. Compared to the near-infrared spectrometer IRS (~1.15 mrad field of view and 1.3–2.6 µm range) on the Perseverance rover [4], the SWIR has a larger field of view and a wider spectral range.



Mars is a dusty, cold, desert planet with a very thin atmosphere. In the nominal mission phase, under the guidance of the remote sensing survey, the Zhurong rover is traveling south for specific in situ investigations, gradually approaching the direction of the highland–lowland boundary (HLB) and the suspected shorelines [2]. The MarSCoDe SWIR has conducted calibration and exploration missions on those sols (a sol is a Martian solar day, lasting about 1.0275 Earth solar days).



However, for the SWIR short-wave infrared hyperspectral data obtained, necessary data quality analysis must be performed before conducting scientific analysis. In a situation where the Mars rover could not use the surveillance camera to monitor the condition of the calibration panel, we determined the Mars rover attitude and the calibration panel plane and obtained the true incidence and azimuth angles of the calibration panel plane light to determine the quality of the calibration panel data from the Mars rover. We noticed that one-third of the calibration panel data would fail quantization when applied to the reflectance factor (REFF) calculations for the sol’s science survey. The matter was investigated for two reasons: the shadowing of the Sun’s rays due to the rover’s mechanics and the low irradiance due to the rover’s attitude causing a large angle of incidence when observing the calibration panel. This part of the work will guide the CNSA for subsequent science targeting the use of the MarSCoDe SWIR to obtain more valid calibration data.



The SWIR is an infrared spectrometer, the work of which is based on an acousto-optic tunable filter (AOTF), a spectroscopic device based on the principle of the acousto-optic effect that allows us to change the diffraction wavelength of a broadband or multilinear laser source through a crystal by controlling a radiofrequency (RF) power amplifier [5]. The deformation of the photoelectric device is caused by changes in the sensor imaging environment, misalignment of the photoelectric element due to mechanical vibrations, and aging of the photoelectric element itself; these make the center wavelength and full width at half maximum (FWHM) of each band of the sensor change with the imaging environment, causing large systematic drift [6,7,8]. Similarly, studies of SuperCam have found this type of monochromator is sensitive to internal thermal effects. They rely on the observation of the IR White SuperCam Calibration Target (SCCT) as a reflectance reference, and various algorithms to remove anomalous spectral points, atmospheric spectral signatures and increase the global signal to noise ratio (SNR) [9]. It is also difficult for the laboratory to simulate the dynamic changes of such complex scenarios, meaning the central wavelengths obtained from spectral calibrations or subsequent laboratory simulations are not truly representative of the central wavelengths of the sensors at the time of remote sensing data acquisition.



Therefore, research on the spectral calibration of hyperspectral remote sensing data focuses on the visible, near infrared and short-wave infrared spectral bands based on characteristic atmospheric scenes. The principle of spectral calibration based on characteristic atmospheric scenes is mainly to assume that the spectral response function (SRF) of the sensor is a Gaussian function, compare the difference between the simulated data and the original data in the characteristic absorption spectrum and nearby spectra, and adjust the central wavelength of the simulated data until the difference between the two is minimized to finally obtain an accurate central wavelength. These spectral calibration methods can be divided into three categories, depending on the ultimate goal: one is to assume a constant SRF and FWHM in the comparison process (using laboratory calibration results) and to find only the correct central wavelength [10,11,12,13,14]. Second, the SRF is assumed to be a Gaussian function, and the central wavelength and FWHM are changed simultaneously to finally find the correct central wavelength and FWHM [15,16,17,18,19,20]. Third, the simulated spectra are obtained by choosing different types of SRF, assuming that the central wavelength and FWHM are changed very little, and comparing with the original data to finally find the optimal SRF [21]. In addition to directly comparing the simulated data with the original data, it has also been proposed that we can calculate the parameters in the atmospheric radiative transfer equation and obtain the correct central wavelength and FWHM by adjusting them and inverting the reflectance until the spikes in the inverted reflectance curve disappear [22,23].



In this work, we performed the central wavelength offset and FWHM offset solution for the filtered MarSCoDe SWIR data and utilized the atmospheric absorption characteristics of Mars containing 95% CO2 to spectrally calibrate the hyperspectral remote sensing data acquired by the MarSCoDe SWIR (850–2400 nm, 311 band) with two CO2 absorption bands within 1428~2100 nm. The atmospheric simulation program used for spectral calibration was MODTRAN (MODerate resolution atmospheric TRANsmission). Because the calculated FWHM offset and the ratio of the FWHM corresponding to the laboratory calibration are less than 2%, the effect on the spectral calibration is negligible. Therefore, this paper focuses on the correction of the central wavelength and its influence. The spectral calibration results showed that the spectral calibration method based on the characteristic absorption scene effectively corrected the central wavelength offset of the spectrometer and achieved a good spectral calibration effect, supporting the proposal that it should be used as one of the important data-processing bases for subsequent spectral data-processing and scientific research discovery based on SWIR data. The corrected spectra are essential to the identifications of minerals in the landing area of the Zhurong rover and will thus help to better understand the water environment on the northern plain of Mars.




2. Materials and Methods


2.1. MarSCoDe SWIR Data


The MarSCoDe integrates a laser-induced breakdown spectroscopy (LIBS) spectrometer, a SWIR spectrometer, micro-imager, and calibration panels for in situ detection of the material composition of the surface of Mars, and obtains comprehensive information such as atomic spectra, molecular spectra, and micro-area topography of the target, for a physical description and quantitative inversion of the sampled target. MarSCoDe consists of an out-of-cabin probe, an in-cabin spectrometer, a main control circuit in the load controller, and a LIBS calibration panel and short-wave calibration panel on the vehicle body, as shown in Figure 1. The out-of-cabin probe part completes the functions of focusing, ranging, 2D pointing, and microscopic imaging; the in-cabin spectrometer part is used to obtain scientific data such as the LIBS spectra and SWIR spectra; the main control circuit and power circuit are in the load. The main control circuit and power supply circuit are in the load controller, which carries out the work of data downlinking and command status communications [24].



The main performance parameters of the MarSCoDe SWIR are shown in Table 1. The incident spectral signal is acquired in a step-and-scan manner by using AOTF to control the wavelength of the transmitted light through the RF signal, covering the wavelength range of 850–2400 nm; the spectral bandwidth is ≤12 nm when the full spectrum is acquired.



After dark-current subtraction and radiometric correction, the data obtained by the SWIR spectrometer were transformed to radiance by the engineering team. Two calibration references, white and gray panels, were carried by the rover to calibrate the SWIR spectra. The white and gray panels had a reflectivity of 99% and 40%, respectively [3]. The accuracy error of the radiometric calibration of the SWIR spectrometer was less than 5% [3]. The targets were located by the 2D pointing mirror of the MarSCoDe. The field-of-view of the SWIR spectrometer was 36.5 mrad (2.0913°). To date, calibration panel and science survey irradiance data have been released for 15 sols; we used these data for data quality evaluation and spectral calibration.




2.2. Positional Analysis


The raw data released by the CNSA recorded the light conditions of the rover; we needed to transfer the body coordinate system to the local cartesian coordinate system to obtain the actual incidence and azimuth angles of the calibration panel plane.



As shown in Figure 2 (left), according to the Mars rover’s design, the local cartesian coordinate system is based on the Mars rover’s location as the coordinate origin, and the coordinate axes point vertically to the east, north, and sky, which is the north-east-sky coordinate system, represented by O-XYZ. The body coordinate system is determined by the origin and attitude of the navigation object to be solved in the navigation. The origin of the body coordinate system is the Mars rover described by the navigation results, and the axes are fixed to the carrier, denoted by O-Xr Yr Zr. The Xr axis is defined as the forward direction (of normal navigation), the Yr axis is the left direction, the Zr axis is the earth direction (downward direction), and the three axes form an orthogonal coordinate system. For the angular motion of the Mars rover, the axes of the carrier coordinate system are also referred to as the roll, pitch, and yaw axes, where the X-axis direction is the roll axis, the Y-axis direction is the pitch axis, and the Z-axis direction is the yaw axis, all as specified by the right-handed spiral rule. When the yaw, pitch, and roll all equal zero, the head of the car is pointing east. The solar incidence angle and solar azimuth are polar angle values in O-XYZ. The calibration panel is mounted behind the LIBS pointing mechanism of the car body, in the Xr-Zr plane, at an angle of 5.5° to Xr, that is, an additional 5.5° to be considered when rotating around the Yr axis, as shown in Figure 2 (right).



The order of rotation of the coordinate system is as follows: Rotation angle    (  γ ,   θ ,   ψ  )   , rotation order (Z- > Y- > X), external rotation, and Euler angle rotation order: yaw (Z-axis)–pitch (Y-axis)–roll (X-axis). We obtain the rotation matrix:


   C n b  =  C n 1   C 1 2   C 2 b   C  5.5   =  [      cos   γ     − sin   γ    0      sin   γ     cos   γ    0     0   0   1     ]   [      cos   θ    0    sin   θ      0   1   0      − sin   θ    0    cos   θ      ]   [     1   0   0     0    cos   ψ     − sin   ψ      0    sin   ψ     cos   ψ      ]   [       cos    5.5 °    0    sin   5.5 °      0   1   0      − sin   5.5 °    0     cos    5.5 °      ]   



(1)








2.3. Spectral Calibration Methods


The composition of the Martian atmosphere is mainly CO2, accounting for 95.3%, followed by 2.7% nitrogen, 1.6% argon, 0.13% oxygen, 0.07% CO, and 0.03% water gas [25]. Due to this clear and simple atmospheric composition, the Martian atmosphere has a distinct absorption characteristic spectrum, which is CO2 absorption. Therefore, the central wavelength correction technique based on the absorption of the characteristic spectrum is perfectly suited to MarSCoDe SWIR spectral calibration. The calibration process mainly includes super-high-resolution (1 nm) pupil-radiation brightness-spectrum simulation, pupil-radiation brightness-spectrum simulation, and an optimization process, as shown in Figure 3a. First, the atmospheric and imaging parameters at the time of data acquisition are inputted into MODTRAN atmospheric radiation transmission simulation software to obtain the simulated ultra-high-resolution pupil-radiation brightness spectrum (1 nm resolution). Then, the super-high-resolution pupil-radiation brightness spectrum is convolved by the adjusted central wavelength (λi + δλi) to obtain the simulated pupil-radiation brightness spectrum. The simulated atmospheric absorption band and its nearby incident radiant brightness spectra are selected for comparison with the measured radiant brightness spectra, and the optimal δλi is obtained by the optimization algorithm.



Figure 3b shows the simulated spectral curve of the Mars atmospheric transmittance (red) with one of the reflectance curves without wavelength correction; it can be seen that the peaks or valleys of the atmospheric absorption band near 1400 and 2005 nm are distinctive. The rest of the peaks and valleys caused by atmospheric absorption are easily mixed with noise. Therefore, the absorption ranges of 1400–1480 nm and 1990–2050 nm were selected as the atmospheric absorption feature correction bands for the spectral calibration.



In the optimization process, the normalized optical density differential (NODD) transform [26] is first performed on the simulated pupil-in radiation brightness spectrum and the measured radiation brightness spectrum, and then, they are compared. The NODD transformation mainly consists of (1) taking the negative logarithm of the radiation brightness spectrum (measured and simulated pupil entry), (2) calculating the derivative after taking the negative logarithm spectrum to obtain the differential spectrum, and (3) carrying out the standard normal distribution transformation on the differential spectrum to obtain the so-called normalized optical thickness differential spectrum (NODD spectrum). The optimal solution is sought using Powell’s algorithm [27] with a cost function of:


  f =  (  1 − γ  )  S D + γ S A  



(2)






  S D =  1 n     ∑  i = 1  n     (   R i  −  R i o   )  2      



(3)






  S A =  1 π  a t cos  [      ∑  i = 1  n    R i   R i o          ∑  i = 1  n      (   R i   )   2    ∑  i = 1  n      (   R i o   )   2           ]   



(4)




where  f  is the cost function;    R i    is the NODD spectrum obtained from the transformation of simulated data;    R i o    is the NODD spectrum obtained from the transformation of measured data; SD (spectral distance) is the Euclidean distance between    R i    and    R i o   ; SA is the spectral angle between    R i    and    R i o   .





3. Results and Discussion


Taking the gray panel as an example, we obtained a new incidence angle (N-incidence) and azimuth angle (N-azimuth), as shown in Table 2, where N-azimuth is the angle between the negative direction of the X-axis and the projection, defined as positive for clockwise and negative for counterclockwise.



Therefore, when observing the mechanical design of the Mars rover with light incidence, as shown in Figure 4a, we find that sol 41, sol 69, and sol 87 are obscured by the calibration panel riser; sol 45 and sol 50 may be obscured; and there is also a certain probability that the radiant energy is low due to the large incidence angle. The irradiance of the gray panel in Figure 4b confirms our conclusion.



Based on the above process, we completed a quality analysis of the MarSCoDe SWIR calibration panel data based on the rover attitude and excluded the sol’s calibration data with inferior quality. Two important reasons for the negative data quality in the data acquisition process were proposed: mechanical structure blocking and a low incidence angle. Scientists controlling the exploration work should take care to avoid the calibration state when the calibration panel plane is at an azimuth of about −150°, −45° and an incidence angle >60°, to ensure more valid scientific target data is collected for each exploration in the future.



After removing the calibration panel data from sols such as sol 41, sol 69, and sol 87, about 50 sets of data (10 sets of gray calibration panels, 10 sets of white calibration panels, and about 30 sets of science detection points) from a total of 10 sols were screened, and the wavelength offsets of the two spectral intervals corresponding to the characteristic spectrum of CO2 absorption were calculated for each set of data using the method described above, that is, the difference between the troughs of the characteristic spectrum at different AOTF temperatures compared to the standard Mars atmospheric transmission absorption spectrum. In Figure 5, the X- and Y-axes indicate the offsets of the correction coefficients at different AOTF temperatures, respectively, and are fitted separately, showing a significant trend of linear variation of the correction coefficients with the change of AOTF temperature.



We calculated that the fitted curve R2 for the absorption center wavelength in the vicinity of 1400 was 0.830, the standard error of the intercept was 0.117, the standard error of the slope was 0.006, and the fitted linear equation is:


   Y  1400   = 0.0861 T − 7.9742  



(5)







The fitted R2 curve for the absorption center wavelength in the vicinity of 2000 was 0.984, the standard error of the intercept was 0.039, the standard error of the slope was 0.002, and the fitted linear equation is:


       Y  2000   = 0.1141 T − 6.8022  



(6)




where    Y  1400     and    Y  2000     were the offsets of the two characteristic absorption intervals of the AOTF at T temperature, respectively.



We believe that the offset of the AOTF wavelength with temperature is linear in the ideal case. Then, the wavelength offset coefficient of the full spectrum can be obtained using the central wavelength offset of these two points, which is


  G a i n =    Y  1400   −  Y  2000      X  1400   −  X  2000      



(7)






  B i a s =    Y  1400    X  2000   −  Y  2000    X  1400      X  2000   −  X  1400      



(8)




where    X  1400     and    X  2000     are the absorption troughs in the corresponding interval, that is, the central wavelength position. Gain and Bias are the slope and intercept of the corresponding linear offset value equation, and they are used for wavelength correction:


  o f f s e  t i  = G a i n ∗  X i  + B i a s  



(9)




where    X i    is  i  spectral band, and   o f f s e  t i    is the corresponding wavelength correction value.



Taking the radiance data of the gray calibration panel of sol 32 as an example, as shown in Figure 6a, the central wavelength shift of the full spectrum after correction is obtained, and Figure 6b expresses the mutual position of one of the spectral curves before and after correction.



To quantitatively analyze whether there is a wavelength shift after wavelength correction, the spectral data was recalculated for feature position offset. As shown in Figure 7, the central wavelengths in both characteristic spectral bands were well corrected. The mean value of the central wavelength offset near 1400 nm was −0.414 nm with a standard deviation of 0.215 nm. The mean value of the central wavelength offset near 2000 nm was 0.040 nm with a standard deviation of 0.160 nm.



Then, with the corrected wavelength, the irradiance of different central wavelengths will change, as shown in Figure 8. Taking the curves of sol 32, sol 58, and sol 103 and considering the white calibration panel’s radiance factor (RADF) before and after correction, as an example, not only is the central wavelength corrected but the reflectivity value is also corrected to some extent, and the reflectivity is greatly reduced especially after 2200 nm. The reason for this may be that, before the correction, the misalignment relationship leads to a change in the reflectance value due to a non-uniform wavelength calculation during the RADF calculation. More crucially, at 2300 nm, misleading absorption characteristics are eliminated, preventing us from making wrong mineral identifications. The absorption features at ~2300 nm imply the presence of Fe/Mg phyllosilicates. It should be noted that the wavelength correction is just one of the important steps in the radiation correction, and other corrections including atmospheric correction, solar incident angle correction, etc., are needed to obtain the true reflectance value. The RADF calculation formula is:


  R A D  F λ  =    I λ  ∗  D 2  ∗ π    E  s u n   ∗ c o s   θ    



(10)




where    I λ    is the radiance of the scientific exploration target wavelength λ;    E  s u n     is the solar irradiance;  D  is the Mars-sun distance;  θ  is the solar incidence angle.



In addition, after obtaining the corrected wavelengths, not only is the RADF wavelength shift corrected but the calculation of REFF is also corrected for the relative reflectance, as shown in Figure 9. With the sol 32, sol 58, and sol 103 white panels and reflectance to calculate the REFF for the Mars science exploration sites, we can use the following:


  R E F  F λ  =    I λ     I  c a l      r  c a l    



(11)




where    I λ    is the irradiance at wavelength λ;     I  c a l     is the irradiance of the calibration panel;    r  c a l     is the reflectance of the calibration panel based on laboratory measurements.



The wavelength correction not only suppresses the noise to a certain extent but also, more importantly, eliminates the spike at around 2000 nm. The analysis suggests that the spike here is also due to wavelength offset, which leads to a misaligned calculation of the brightness of the radiation in different spectral bands; overcoming this, the wavelength correction eliminates the effect here. The calibrated REFF clearly exhibits the absorption band near 1900 nm (a spectral signature indicating the presence of the water molecule). This shows that wavelength correction in radiometric calibration is particularly important for performing accurate mineral analysis. It should be noted that the effects of Mars dust buildup on the calibration panels weren’t removed in this work; thus, the absorption features of REFF spectra are not final results. We only focused on the wavelength correction in this study.




4. Conclusions


This research provides a quality analysis of the first MarSCoDe SWIR science exploration irradiance data and a spectral calibration of the system wavelength offset with AOTF temperature variation, thus providing an important reference for subsequent Mars rover SWIR exploration work and data use. This research makes the following two contributions:




	
Based on the obtained calibration panel data for 15 sols, using the observation angle and Mars rover attitude, we calculated the actual solar incidence angle and azimuth angle corresponding to each, and from the Mars rover mechanical design, we analyzed and obtained the reasons for the bad quality of the data. As the Mars rover continues to make science target observations, it should avoid the following two scenarios: the overall attitude of the rover causes the calibration panel to reach an actual solar incidence angle greater than 60° and a scenario where the incident light shines in front of the right side of the rover (azimuth about −150° to −45°). We can prevent all cases of shadow covering and low incident energy owing to the attitude if we avoid both cases. This is the key to determining the REFF quantitatively.



	
To determine the sensitivity of the AOTF of the SWIR to the ambient temperature change, resulting in a wavelength offset, a spectral calibration of the central wavelength offset of the AOTF with temperature change was performed based on the spectral calibration of hyperspectral data for the absorption characteristics of the Martian atmosphere, using screened SWIR data. The results show the quantitative linear relationship of the central wavelength offset (−8 nm, −2 nm) between 0° and 40° with the AOTF temperature change. The RADF and REFF results for the calculated scientific targets show further correction of the reflectance after wavelength correction. In particular, the erroneous absorption properties of the RADF near 2300 nm and the conspicuous burrs of the REFF near 2000 nm can help us to better identify Martian minerals. An important basis for subsequent data analysis and applications has thus been provided.








This work represents an important step in the processing and application of MarSCoDe SWIR data, and further analysis and studies are needed to obtain the reflectance of the Mars target, such as research into the reasons for the upward shift at the front end of the RADF reflectance curve versus the downward shift at the back end. Future work could also explore the inconsistency between the REFF reflectance of the same science target based on gray and white panels, erring from the ideal situation. We consider the possibility that Martian surface dust falling on the reference panel influences the target reflectance calculation. Looking ahead, we will continue our research and hope to address these issues.
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Figure 1. Schematic diagram of MarSCoDe system module distribution [23]. 
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Figure 2. The Mars rover coordinate system. (left) Both coordinate systems share a common origin O. The black axis O-XYZ indicates the local cartesian coordinates of the coordinate system, and the red O-Xr Yr Zr indicates the body coordinate system. (right) The 5.5° inclination of the calibration panel on the roof of the Mars rover in the body coordinate system. 
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Figure 3. (a) Flow chart of central wavelength correction technique based on characteristic spectral absorption and schematic of characteristic spectrum. (b) Comparison of atmospheric transmittance and reflectance (black axis indicates the radiance factor (RADF) calculated from the detection target acquired by the sensor; red axis indicates the Mars atmospheric transmittance at the corresponding moment obtained by MODTRAN simulation). 
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Figure 4. Schematic diagram of simulated incident light blocked by Mars rover mechanics and gray panel spoke brightness statistics. (a) Schematic of the Mars rover light, where it can be seen that when the light is incident in the body coordinate system in the Yr direction, it will lead to the projection of the Mars rover with sensors such as the navigation, terrain camera, etc., to the plane of the calibration panel. (b) Gray panel irradiance statistics for 15 sols (blue indicates normal conditions; red indicates blocked; cyan indicates a large angle of incidence and the possibility of being blocked at the same time). 
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Figure 5. Correction coefficients with AOTF temperature fitted. (a) Correction coefficients fitted in the central wavelength absorption spectrum of around 1400 for CO2. (b) Correction coefficients fitted in the central wavelength absorption spectrum of around 2000 for CO2. 
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Figure 6. Solution for the full spectrum offset value and the effect are shown: (a) Fitted curve of wavelength offset value of the full spectrum of hyperspectral data; (b) radiation brightness curve before and after spectral calibration (black indicates the radiation brightness curve before wavelength correction; red indicates the radiation brightness curve after correction). 
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Figure 7. Calculation of wavelength migration based on the method for the corrected spectra. (a) Correction coefficients in the central wavelength absorption spectrum of around 1400 for CO2. (b) Correction coefficients in the central wavelength absorption spectrum of around 2000 for CO2. The gray boxes in the figure are the 95th percentile areas. 
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Figure 8. White panel RADF reflectance curves before and after calibration of three sols’ spectra (black curve indicates before calibration; red indicates after calibration). 
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Figure 9. Reflectance curve of white panel REFF before and after spectral calibration (black curve indicates before calibration; red indicates after calibration). 






Figure 9. Reflectance curve of white panel REFF before and after spectral calibration (black curve indicates before calibration; red indicates after calibration).



[image: Remotesensing 14 02137 g009]







[image: Table] 





Table 1. Main technical parameters of MarSCoDe SWIR.
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SWIR spectrometer

	
Spectral range (nm)

	
850–2400




	
Spectral resolution (nm)

	
3–12




	
Number of spectral bands

	
321 band, 64 band @ 5 nm sample




	
Field of view (mrad)

	
36.5




	
Two-dimensional pointing mirror

	
Angle range

	
Pitch −21–199°, azimuth −59–32°




	
Pointing accuracy

	
Pitch 0.133°, azimuth 0.076°




	
Pointing stability

	
Pitch 0.035°, azimuth 0.043°
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Table 2. 15 sols’ gray panel attitudes, with the new incidence and azimuth.
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	Sol
	Tilting (°)
	Pitch (°)
	Yaw (°)
	Roll (°)
	Incidence (°)
	Azimuth (°)
	N-Incidence (°)
	N-Azimuth (°)





	32
	5.5
	−2.011
	−96.345
	177.00
	4.760
	138.881
	5.846
	94.952



	41
	5.5
	−1.643
	−116.253
	179.26
	51.203
	279.370
	48.044
	−102.598



	43
	5.5
	−0.143
	−157.740
	179.43
	17.325
	94.570
	22.500
	22.123



	45
	5.5
	−1.362
	−145.649
	−179.50
	66.578
	285.199
	61.932
	−127.964



	47
	5.5
	−0.341
	−125.114
	179.74
	17.257
	93.417
	20.963
	46.503



	50
	5.5
	−0.335
	−84.298
	−179.98
	66.446
	285.630
	68.232
	−66.478



	58
	5.5
	−1.132
	−80.645
	178.16
	23.906
	87.697
	24.530
	89.231



	65
	5.5
	−0.846
	2.285
	−178.50
	14.795
	269.902
	19.484
	5.930



	69
	5.5
	0.214
	−101.569
	178.72
	14.771
	270.752
	14.519
	−84.701



	79
	5.5
	−0.747
	−82.776
	178.12
	14.731
	272.452
	15.247
	−67.029



	87
	5.5
	−1.198
	−106.530
	179.93
	14.715
	273.360
	13.360
	−79.987



	92
	5.5
	−0.291
	−88.209
	179.14
	4.654
	271.892
	6.595
	−41.689



	100
	5.5
	−0.445
	−106.816
	179.21
	2.848
	86.820
	6.726
	29.743



	103
	5.5
	0.346
	−57.121
	179.96
	4.320
	87.397
	4.873
	44.581



	110
	5.5
	2.093
	−45.277
	−177.93
	4.986
	88.274
	6.196
	35.726
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