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Abstract

:

The atmospheric dust is an important factor in the evolution of the Martian climate and has a major impact on the scientific exploration of the Martian lander or rover and its payload. This paper used remote sensing images to calculate atmospheric optical depth that characterizes the spatial distribution of the atmospheric dust of Mars. The optical depth calculated by the images of the High Resolution Imaging Science Experiment (HiRISE) in the inspection area of the Spirit rover had a similar temporal variation to the optical depth directly measured by the Spirit rover from the sunlight decay. We also used the HiRISE images to acquire the seasonal variation of optical depths in the candidate landing area of China’s Mars Mission (Tianwen-1). The results have shown that the seasonal pattern of the optical depth in the candidate landing area is consistent with the dust storm sequences in this area. After Tianwen-1 enters the orbit around Mars, the images collected by the Moderate Resolution Imaging Camera (MoRIC), and the High Resolution Imaging Camera (HiRIC) can be used to study the atmospheric optical depth in the candidate landing area, providing reference for the safe landing and operation of the lander and rover.
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1. Introduction


The Martian wind is only the last element in a chain of causation that generates storms (especially global dust storms) and alters the spatial distribution of the atmospheric dust [1]. The Martian atmospheric dust actively participates in the evolution process of Martian climate and also provides a long-term effect on the morphology and albedo of the Martian surface due to the dust denudation, migration, and deposition [2]. In addition, the spatial distribution of atmospheric dust has an obvious impact on the remote sensing images acquired by orbiters, landers, and rovers in Mars missions, such as reducing the information content of an image and the ability to discern surface characteristics [3]. Moreover, the atmospheric dust environment on Mars has a significant influence on the Mars lander and rover and their payloads. When the dust deposited on the surface of the solar cell array and optical sensors of the probe landing on the Martian surface will directly affect the efficiency and service life expectancy of the energy systems and the optical properties and image quality of optical sensors [4]. Therefore, studying the spatial and temporal variation mechanism of the Martian atmospheric dust could help us better understand the Martian climatic environment, provide guidance for Mars missions in the future, and data assimilation of airborne dust is carried out to improve the numerical simulation of the Martian climate model [5,6].



The optical depth of the Martian atmosphere is mainly determined by aerosols. Most Martian aerosols are dust particles that present reddish in images [7,8]. The spatial and temporal distribution of atmospheric dust can thus be represented by the variation of atmospheric optical depth. The variation of the optical depth in images taken from different times can reflect the variation of the spatial distribution of atmospheric dust. Therefore, it is necessary to understand the spatial distribution and variation of atmospheric dust in the specific area for the landing and inspection of the Mars probe. The research of the variation of optical depth can provide a reference for these engineering applications and also has important application value for the operation and service life expectancy of the lander and the rover.



Two approaches for calculating the atmospheric optical depth in the Mars missions based on different data sources are in active use. One is on the remote sensing data of the orbiter. Smith [9] retrieved dust optical depth based on limb-geometry observations from Thermal Emission Spectrometer (TES) and found that a higher degree of interannual variability of dust optical depth during the perihelion season than that during the aphelion season. Vincendon et al. [10] used the Monte Carlo method to calculate the surface albedo based on OMEGA/Mars Express dataset of low to mid-latitude regions on the Martian surface, and then used the look-up table to retrieve optical depth. They compared the results with the measurement of optical depth obtained by the Mars Exploration Rovers (MER) and demonstrated that the apparent albedo variations on the Martian surface were consistent with the variations of the optical depth of atmospheric dust in the corresponding area, and the construction of the look-up table involved radiation parameters, observation geometry, surface reflectance, and detailed atmospheric aerosol model. However, the band and resolution of images are mainly concerned in the retrieval procedure of the optical depth in this paper. Smith [11] used the surface temperature information obtained from the Thermal Emission Imaging System (THEMIS) data. Then, based on the relationship between the temperature and optical depth, he used the linear fitting method to estimate the optical depth and compared it with the optical depth obtained by Mars Global Surveyor (MGS), Mars Express, and MRO dataset, and Smith [12] showed the spatial and temporal variation of dust optical depth before and after the global dust storm based on observations taken by THEMIS. In addition, based on the images of High Resolution Stereo Cameras (HRSC) and High Resolution Imaging Science Experiment (HiRISE), Hoekzema et al. [13] calculated the optical depth by using the radiance difference between the shadowed and the adjacent sunlit regions of the image and established the correlation between the elevation and the optical depth. Montabone et al. [14] obtained the gridded maps of dust optical depth using the method of iterative weighted binning based on observations from TES, THEMIS, and Mars Climate Sounder (MCS) and presented the interannual and seasonal variability of dust optical depth over eight Martian years.



The other one to calculate the optical depth was to use the data acquired by the rovers. During the MER mission, the rover’s panoramic cameras captured pictures of the Sun to directly measure the solar radiation and the optical depth was derived from these data [15,16]. The same approach was also employed calculate the optical depth from the in situ data of Viking Lander and Pathfinder [17,18]. Previous studies have shown that the optical depth calculated from the remote sensing images of the orbiter is smaller than that obtained by the rover’s data (the correction coefficient between these two optical depths measurements is about 0.7), which is probably largely because the diffuse radiation received by the shadow and sunlit areas assumed in the theory may not be equal actually [13].



In this paper, the retrieval procedure of the optical depth is established to prepare for the analysis of the optical depth in the candidate landing area of Tianwen-1 using MoRIC and HiRIC images. The optical depth of the inspection area of the Spirit rover is calculated using the shadow method based on HiRISE images [13]. The results are compared with the optical depth measured by the Spirit rover [15,16]. Then, the optical depth in the candidate landing area of Tianwen-1 is also retrieved by using the shadow method based on the HiRISE images. In Section 2, the dataset and the method of retrieving optical depth are introduced, including the calculation method by using the remote sensing image of the orbiter. Additionally, we also introduce the data of optical depth calculated by using the direct measurement of solar decay by the Spirit rover. The results are presented in Section 3, including the comparison between the optical depth obtained by the remote sensing image and the optical depth retrieved from the data of the Spirit rover in the same Martian year. Then the temporal variation of optical depth in the candidate landing area of Tianwen-1 is obtained by HiRISE images. In Section 4, we summarize the findings and make some prospects.




2. Data and Methods


2.1. Description of Dataset


HiRISE onboard MRO has been imaging the Martian surface since November 2006. The spatial resolution of HiRISE images is 0.25–0.5 m/pixel [19]. The central band of the red image obtained through the red filter is 700 nm (the band range is 550–850 nm), and the width of the image is about 6 km (the orbital altitude is 300 km). The width of color images obtained from blue-green (400–600 nm), red, and near-infrared (800–1000 nm) is about 1.2 km. In this paper, the imagery data products after preprocessing are selected. The preprocessing process includes radiometric calibration and geometric correction. The DN (Digital Number) of the image is converted to radiance after dark current correction, instrument offset, and gain correction. The optical distortion is corrected by geometric processing, and the image acquired by the orbiter was projected onto the map coordinate system. The images obtained by the orbiter from the Martian surface between 65°S and 65°N were employed by the Equirectangular map projection, while the Polar Stereographic projection was used for the images above 65 degrees to the poles [20]. The incidence angle and the emission angle of the image can be retrieved from the Planetary Data System (PDS), and the HiRISE image can be downloaded at https://hirise-pds.lpl.arizona.edu/PDS/ (accessed on 15 January 2021). The HiRISE images selected in this paper are shown in Table 1.



The Spirit rover landed in the Gusev crater (14.57°S, 175.48°E) on 4 January 2004, and began its exploration mission, which ended on 22 March 2010 [21]. The Panorama Camera of the Spirit rover is equipped with two special solar filters designed to study atmospheric optical depth. The Spirit rover used these two special solar filters to photograph the Sun directly several times per day, which could measure the decay of sunlight to obtain the optical depth of the Martian atmosphere. The central band of the red filter is 880 nm, and the central band of the blue filter is 440 nm. However, due to a red leakage, the actual central response band of the blue filter is consistent with the band of 719 nm, so the blue filter was considered to be centered at 719 nm [15]. The optical depth of the rover is obtained by analyzing the panorama camera images. Space-borne radiometric calibration and geometric calibration were carried out, and afterwards relative radiometric calibration was carried out using observation data with a similar observation time. The uncertainties generated by radiometric calibration of measured data were compared and verified with the uncertainties generated by laboratory calibration. The results showed that these two uncertainties were consistent [22]. Therefore, when a large amount of measured data is obtained, the data processing of retrieving optical depth based on these data is consistent with the data processing in previous laboratory tests [15]. The data products of the optical depth are available on https://pds-geosciences.wustl.edu/mer/mer1_mer2-m-pancam-5-atmos-opacity-v1/merao_1xxx/data/ (accessed on 20 January 2021).



In order to facilitate comparison and verification, the data of optical depth measured in the 719 nm band by the Spirit rover in MY29 was selected. Meanwhile, the HiRISE red images in the inspection area (174°–177°E, 13°–16°S, as shown in the yellow rectangle in Figure 1) of Spirit rover in MY29 was collected, and the temporal variation of optical depth was calculated by using the shadow method based on these images. The time conversion table established by Clancy et al. [23] can be used to convert the Earth time of the corresponding data to the Martian time. In addition, the HiRISE red images of in the candidate landing area of China’s Mars Mission (Tianwen-1) (the study area is 24°–29°N, 129°–134°E, as shown in the blue box in Figure 1) were collected, and the optical depth of this area was calculated by using the shadow method based on these remote sensing images, to obtain the temporal variation of the optical depth in this area.




2.2. Methods


As the sunlight propagates through the atmospheric medium, it is weakened by the interaction (like scattering and absorption) with the atmospheric medium (such as dust). Optical depth is a dimensionless quantity that characterizes the radiation extinction by the atmospheric medium. The radiation brightness of a specific shadowed region in a remote sensing image contains the information of the atmospheric optical depth of the region. If optical depth in this region increases, the difference in radiation brightness between the shadowed and the adjacent sunlit regions will decrease. The radiation brightness difference between the shadowed and the adjacent sunlit areas can be converted into the optical depth value using the shadow method, and the optical depth    τ s    is calculated by Equation (1) [13].


   τ s  = −    μ 0  μ    μ 0  + μ   ln  (     I  s u n l i t   −  I  s h a d o w      I  s u n l i t      )   



(1)







Here,    μ 0    is the cosine of the solar incidence angle and  μ  is the cosine of the solar emission angle.    I  s u n l i t     is the intensity of radiation of the sunlit area and    I  s h a d o w     is the intensity of radiation of the shadowed area. The radiance of the image is equal to the sum of the DN value of the image multiplied by the gain coefficient obtained by radiometric calibration and the offset coefficient obtained by radiometric calibration. The calculation of the optical depth using the shadow method is based on the following assumptions: Lambert reflection (ideal scattering) is performed on the surface of the shadowed and the sunlit areas. The atmospheric scattering characteristics on the shadowed and the sunlit areas are the same. The selected shadowed and the sunlit areas receive the same diffuse radiation. The surface albedo is similar to the albedo of the top of atmosphere. The shadowed and the sunlit areas have the same optical depth.



In the remote sensing images, the shadowed area (such as the backside of the slope and the backside of the cliff along the impact crater) and the adjacent sunlit area were selected, and the sunlit area with flat terrain was selected as far as possible through visual interpretation. Sampling lines were drawn in the shadowed and the sunlit areas, respectively (see Figure 2). In each case, the average radiance of the sampling lines in the corresponding area was extracted. Then, the optical depth    τ s    is calculated out by using Equation (1). The optical depth is related to the true optical depth measured by the rover and a correction coefficient could be applied to reckon the actual optical depth [13].





3. Results and Discussion


The Panoramic Camera onboard the Spirit rover takes pictures of the Sun directly to obtain the images with radiation flux. The optical depth was calculated by measuring the decay of sunlight based on the data of the panoramic cameras image, which can be used as the “ground truth value” of the optical depth in the inspection area of the Spirit rover. HiRISE red image is used to calculate the optical depth at different periods of the inspection area of the Spirit rover using the shadow method. Multiple pairs of shadowed areas and sunlit areas in each image were selected to calculate the optical depth, and the mean value and standard deviation of the optical depth were calculated, which were used to draw the graph of the error bar.



In the process of calculating the optical depth based on the shadow method, the distance between the selected shadowed and the sunlit areas is less than several kilometers and the elevation difference between these two areas is less than hundreds of meters [13]. The shadowed and the adjacent sunlit areas have the similar atmospheric model and the law of surface reflection. The atmospheric scattering characteristics of the sunlit area and the shadowed area are also similar, and the sunlit and the shadowed areas receive the same diffuse radiation. Therefore, the error of optical depth mainly comes from the difference of diffuse radiation between the shadowed and the sunlit areas. For example, for the same shadowed area near the wall of an impact crater, the sunlit area near the wall of the impact crater and the sunlit area in the central region of the impact crater were each selected to calculate the optical depth. Due to the difference of slope between the area near the wall of the impact crater and the central area of the crater, the optical scattering characteristics of the corresponding sunlit area on the surface are different. Therefore, when the radiance difference between the shadowed and the sunlit areas is used to calculate the optical depth, the scattering characteristics are inconsistent due to the difference of the apparent geometry conditions (such as the slope), which leads to the error in the calculation of the optical depth. Multiple pairs of shadowed areas and sunlit areas in each image were selected (see Figure 2). For the same shadowed area, the sunlit area with obvious slope and the sunlit area with relatively flat terrain were selected to calculate the optical depth, respectively, and the relative error of these two optical depth values was calculated (take the flat sunlit area as a reference). All these relative errors were counted and the range of these relative errors was obtained.



For comparative verification and analysis, the optical depth of the inspection area of the Spirit rover calculated by the shadow method based on remote sensing images was compared with the optical depth measured by the data of the Spirit rover in the same Martian year (MY29). The corresponding relationship between optical depth and solar longitude (Ls) in the same Martian year is established (see Figure 3). According to statistical analysis, for the same shadowed area, the relative error of the retrieved optical depth is between 8% and 13% by selecting the sunlit area with obvious slope and the sunlit area with relatively flat terrain. As can be seen in Figure 3, in the same Martian year, the optical depth calculated by using the remote sensing image of the orbiter in the inspection area of Spirit rover has a similar temporal variation with the optical depth obtained by the data of Spirit rover. The optical depth in the period during Ls~150 to 330° is larger than that in the period during Ls~30 to 130°. Studies have found that dust storm activities are more frequent in the southern hemisphere of Mars during Ls~135 to 305° [1]. The dust generally experiences repeatable seasonal variations generally and the perihelion season (roughly Ls~180 to 360°) is relatively dustier than the aphelion season (roughly Ls~0 to 180°) [9,26]. The height above surface of vertical distribution of dust in the perihelion season is higher than that in the aphelion season [27], and the number of dust storm activity recorded in the Mars Dust Activity Database have shown that most of dust activity occur in fall and winter in the southern hemisphere [28]. It can be seen that a great amount of dust storm activity lead to an increase in the amount of dust in the atmosphere, which causes the increase of optical depth, so that the optical depth in the period of larger amount of dust activity (Ls~150 to 330°) is higher than that in the period of smaller amount of dust activity (Ls~30 to 130°). In addition, the optical depth calculated by the shadow method in this paper is smaller than that obtained by the data of the rover, and the correction coefficient between these two measurements of optical depth is 0.638 ± 0.071 (i.e.,      τ s   /   τ  S p i r i t       = 0.638 ± 0.071), which shows that the correction coefficient obtained in this paper is similar to that obtained in the previous studies [13]. The correction result of the optical depth divided by the correction coefficient is shown in Figure 3, which shows that the corrected optical depth is consistent with the “ground truth value”.



The optical depth is calculated by the shadow method based on HiRISE red images in the candidate landing area of China’s Mars Mission (Tianwen-1). Further, multiple pairs of shadowed areas and sunlit areas in each image were selected to calculate the optical depth, and the mean value and standard deviation of the optical depth were calculated, which were used to draw the graph of the error bar. The distribution map of optical depth values under different solar longitude was obtained (see Figure 4). According to statistical analysis, for the same shadowed area, the relative error of the retrieved optical depth is between 10% and 16% by selecting the sunlit area with obvious slope and the sunlit area with relatively flat terrain, respectively. As can be seen in Figure 4, the optical depth in the period during Ls~150 to 250° is larger than that in the period during Ls~0 to 90° in the candidate landing area of China’s Mars Mission (Tianwen-1). Studies have found that dust storms in the northern hemisphere of Mars are more frequently observed during Ls~140 to 270° and dust storms are generally more frequent in the northern fall (Ls~180 to 270°) than that in the spring (Ls~0 to 90°) [1], and the number of dust storm activity recorded in the Mars Dust Activity Database have shown that most of dust activity occur in fall and winter in the northern hemisphere [28], and the seasonal variation of optical depth is similar to the seasonal variation of dust storms. The optical depth in the period of larger amount of dust activity (Ls~150 to 250°) is higher than that in the period of smaller amount of dust activity (Ls~0 to 90°). It is expected that the China’s Mars Mission (Tianwen-1) will arrive on Mars in February 2021 and enter the orbit around Mars, and the missions of landing and inspection exploration will be carried out between May and September in 2021 (Ls~38 to 93°) [29]. The optical depth during Ls~25 to 93° is rather small (see Figure 4), indicating that dust storm sequences are less frequently, which is conducive to the landing and inspection of the Mars probe. After Tianwen-1 enters the orbit around Mars, the optical camera onboard the orbiter will conduct the on-orbit observation of the candidate landing area. The main technical parameters of the optical cameras onboard the orbiter of Tianwen-1 are shown in Table 2 [30,31]. The images collected by High Resolution Imaging Camera (HiRIC) and Moderate Resolution Imaging Camera (MoRIC) are used to study the atmospheric optical depth of the candidate landing area after image correction (such as radiometric calibration and geometric correction), which will help assist the Mars lander and rover in carrying out missions of landing and inspection exploration to serve engineering applications.




4. Conclusions


In the same Martian year (MY29), the optical depth was calculated by the shadow method in the inspection area of the Spirit rover based on HiRISE red images and compared with the optical depth obtained by directly measuring the attenuation of sunlight by the Spirit rover. The above two measurements of optical depth have a similar pattern of seasonal variation, and the optical depth during periods of larger amount of dust activity gets significantly higher than that during periods of smaller amount of dust activity. Based on HiRISE red images, the shadow method was used to calculate the optical depth in the candidate landing area of China’s Mars Mission (Tianwen-1). The results showed that the seasonal variation of optical depth was similar to that of dust storm sequences. In general, the optical depth during the period of larger amount of dust activity becomes larger than that during the period of smaller amount of dust activity. Combined with the China’s Mars Mission (Tianwen-1), it can be seen that during the period of landing and inspection exploration of the Mars lander and rover (Ls~38 to 93°), the optical depth is relatively small. Moreover, at a shallower optical depth, the atmosphere indicates the decline in the vertical accumulation of atmospheric dust, resulting in a lower atmospheric opacity in the planned inspection area, which is conducive to the landing and inspection of the Mars lander and rover. The spatial resolution of HiRIC images is similar to that of HiRISE images (see Table 2). In addition, the optical depth is calculated out by HRSC images with spatial resolution of hundred meters [13], and the spatial resolution of MoRIC images is similar to that of HRSC images (see Table 2). Therefore, the images collected by HiRIC and MoRIC are used to study the atmospheric optical depth of the candidate landing area based on the technical process of retrieving optical depth in this paper, which can be applied to evaluate the atmospheric environment of Mars and assist the Mars lander and the rover of Tianwen-1 in carrying out missions of landing and inspection exploration.
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Figure 1. The schematic diagram of the research area and the footprints of images. (a) The red polygon represents the candidate landing area of China’s Mars Mission (Tianwen-1) [24], the blue rectangle represents the study area (part of the candidate landing area), and the yellow rectangle represents the inspection area of the Spirit rover. The base map is global color mosaic of the Mars by Viking Orbiter [25]; (b) The footprints (purple rectangle) of images in the inspection area of the Spirit rover; (c) The footprints (purple rectangle) of images in the candidate landing area. 
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Figure 2. The schematic diagram of the selection of the shadowed and the adjacent sunlit areas (The image is part of the HiRISE image ESP_013855_1650. The red line indicates shadowed areas, the yellow line indicates flat sunlit areas, and the green line indicates the sunlit areas with obvious slope). 
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Figure 3. The distribution of optical depth at different solar longitudes in MY29 (the blue error bars represents the optical depth of the inspection area of the Spirit rover calculated by the shadow method, the red error bars represents the optical depth divided by the correction coefficient, the black line represents the optical depth measured by the data of the Spirit rover [16], and green dots represents the number of dust storm activity recorded in the Mars Dust Activity Database (MDAD) at 0°–30°S in MY29 [28]). 
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Figure 4. The retrieved optical depth at different solar longitude (the blue error bars represents the optical depth in the candidate landing area calculated by the shadow method, red error bars represent the optical depth divided by the correction coefficient, and green dots represents the number of dust storm activity recorded in the Mars Dust Activity Database (MDAD) at 10°–40°N [28]). 
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Table 1. List of related High Resolution Imaging Science Experiment (HiRISE) images.
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Study Area

	
Product ID

	
Observation Time

	
Martian Year (MY)

	
Solar Longitude (Ls)






	
The inspection area of the Spirit rover

	
PSP_006524_1650_RED

	
2007-12-17

	
29

	
4.0




	
PSP_006735_1650_RED

	
2008-01-03

	
29

	
12.0




	
PSP_007737_1670_RED

	
2008-03-21

	
29

	
48.0




	
PSP_007816_1665_RED

	
2008-03-27

	
29

	
50.7




	
PSP_008317_1665_RED

	
2008-05-05

	
29

	
67.8




	
PSP_008528_1660_RED

	
2008-05-21

	
29

	
75.0




	
PSP_008963_1650_RED

	
2008-06-24

	
29

	
89.9




	
PSP_009174_1650_RED

	
2008-07-11

	
29

	
97.1




	
PSP_009319_1650_RED

	
2008-07-22

	
29

	
102.2




	
PSP_009385_1655_RED

	
2008-07-27

	
29

	
104.5




	
PSP_009741_1655_RED

	
2008-08-24

	
29

	
117.2




	
PSP_009886_1655_RED

	
2008-09-04

	
29

	
122.5




	
PSP_010097_1655_RED

	
2008-09-21

	
29

	
130.3




	
ESP_011587_1655_RED

	
2009-01-15

	
29

	
191.8




	
ESP_011943_1650_RED

	
2009-02-12

	
29

	
208.3




	
ESP_012787_1650_RED

	
2009-04-18

	
29

	
249.4




	
ESP_012932_1650_RED

	
2009-04-30

	
29

	
256.6




	
ESP_013499_1650_RED

	
2009-06-13

	
29

	
284.3




	
ESP_013855_1650_RED

	
2009-07-11

	
29

	
301.2




	
ESP_013921_1650_RED

	
2009-07-16

	
29

	
304.2




	
ESP_014277_1650_RED

	
2009-08-12

	
29

	
320.3




	
The study area (part of the candidate landing area of Tianwen-1)

	
PSP_005721_2090_RED

	
2007-10-16

	
28

	
331.5




	
PSP_006776_2070_RED

	
2008-01-06

	
29

	
13.6




	
PSP_007422_2085_RED

	
2008-02-25

	
29

	
37.0




	
PSP_007501_2065_RED

	
2008-03-02

	
29

	
39.7




	
PSP_007791_2090_RED

	
2008-03-25

	
29

	
49.8




	
PSP_008503_2045_RED

	
2008-05-20

	
29

	
74.1




	
ESP_017852_2080_RED

	
2010-05-18

	
30

	
92.4




	
ESP_024656_2085_RED

	
2011-10-30

	
31

	
22.7




	
ESP_027557_2075_RED

	
2012-06-12

	
31

	
123.9




	
ESP_045359_2075_RED

	
2016-03-30

	
33

	
130.2




	
ESP_048049_2060_RED

	
2016-10-26

	
33

	
249.2




	
ESP_054800_2075_RED

	
2018-04-05

	
34

	
154.5




	
ESP_054866_2085_RED

	
2018-04-10

	
34

	
157.2




	
ESP_057649_2055_RED

	
2018-11-13

	
34

	
287.5




	
ESP_057728_2090_RED

	
2018-11-19

	
34

	
291.3




	
ESP_058137_2090_RED

	
2018-12-21

	
34

	
310.3




	
ESP_064163_2085_RED

	
2020-04-04

	
35

	
177.5




	
ESP_064229_2085_RED

	
2020-04-09

	
35

	
180.4




	
ESP_066049_2080_RED

	
2020-08-29

	
35

	
267.3
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Table 2. The main technical parameters of the optical cameras onboard the orbiter of Tianwen-1.
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Optical Cameras

	
The Main Technical Parameters






	
HiRIC

	
Spectral bands

	
Panchromatic: 450–900 nm




	
Color: blue 450–520 nm, green 520–600 nm, red 630–690 nm, near-infrared 760–900 nm




	
Resolution (at 265 km orbit altitude)

	
Panchromatic: better than 2.5 m, better than 0.5 m in key areas




	
Color: better than 10 m, better than 2.0 m in key areas




	
Imaging width

	
9 km @ 265 km




	
MoRIC

	
Spectral range

	
visible spectrum (430–690 nm)




	
Resolution

	
better than 100 m @ 400 km




	
Imaging width

	
400 km @ 400 km orbit altitude
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