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Abstract

:

The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), which is a multiband pushbroom sensor suite onboard Terra, has successfully provided valuable multiband images for approximately 20 years since Terra’s launch in 1999. Since the launch, sensitivity degradations in ASTER’s visible and near infrared (VNIR) and thermal infrared (TIR) bands have been monitored and corrected with various calibration methods. However, a unignorable discrepancy between different calibration methods has been confirmed for the VNIR bands that should be assessed with another reliable calibration method. In April 2003 and August 2017, ASTER observed the Moon (and deepspace) for conducting a radiometric calibration (called as lunar calibration), which can measure the temporal variation in the sensor sensitivity of the VNIR bands enough accurately (better than 1%). From the lunar calibration, 3–6% sensitivity degradations were confirmed in the VNIR bands from 2003 to 2017. Since the measured degradations from the other methods showed different trends from the lunar calibration, the lunar calibration suggests a further improvement is needed for the VNIR calibration. Sensitivity degradations in the TIR bands were also confirmed by monitoring the variation in the number of saturated pixels, which were qualitatively consistent with the onboard and vicarious calibrations.
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1. Introduction


The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), which is a multiband-sensor suite composed of visible and near infrared (VNIR), shortwave infrared (SWIR), and thermal infrared (TIR) sensors onboard Terra [1], has successfully operated for 20 years since Terra’s launch in 1999, and ASTER has provided numerous multiband images for those 20 years [2]. Similar to other spaceborne sensors, accurate radiometric calibration has been a center issue for the ASTER mission to provide reliable datasets. During the mission, characteristics of the radiometric performance of ASTER have been continuously monitored with several calibration methods, such as onboard calibration [3], vicarious calibration [4,5,6] and cross calibration [7,8], and sensitivity degradations in the VNIR, SWIR, and TIR have been confirmed. Since the measurement of the sensitivity degradations is used for correcting the observed brightness in ASTER products as radiometric correction coefficients (RCC), the accurate measurement for the degradation is important to maintain the reliability of the ASTER products. The latest version of the RCC is version 4, which has been used since February 2014 for Level 1A processing, and the RCC was developed based on both onboard and vicarious calibration methods [9].



Due to the unresolved uncertainty in each calibration method, however, it has been confirmed there are large discrepancies among the results from the calibration methods for the VNIR bands [10]. For instance, the onboard calibration method measured a 10% larger sensitivity degradation for the shortest-wavelength band of the VNIR bands than that from the vicarious calibration method in 2015 [10]. Because the current RCC for the VNIR products uses a degradation trend based on both onboard and vicarious calibration methods, an additional calibration method for assessing the inconsistency between them has been expected to improve the RCC [10].



For the visible and near-infrared wavelength regions, lunar calibration has become a common calibration method and a standard calibration approach in an international satellite community [11], because it can accurately evaluate a temporal (i.e., relative) variation in a senor’s sensitivity (on the order of 0.1%) [12,13,14]. Thus it is good for stability monitoring of a sensor [15], although the absolute accuracy of the lunar calibration method has been considered insufficient yet (5–10%) [16]. The better accuracy of the lunar calibration method for the relative degradation can be used for assessing the validity of onboard and vicarious calibration methods for the VNIR bands.



The lunar calibration method can be conducted through a comparison of the observed Moon brightness with the expected Moon brightness derived from lunar brightness models, such as a model developed based on radiance images acquired by the ground-based RObotic Lunar Observatory (ROLO) [17], and a model developed from observations by Spectral Profiler (SP) onboard SELENE, which was a Japanese lunar exploration orbiter. SP observed whole lunar surfaces with various illumination conditions without any significant degradation [18,19]. The ROLO models allows to simulate irradiance of the Moon observed from the Earth or from a low Earth orbit [17], and the SP model allows the simulate of any observation of the Moon with any observation geometry [20].



In addition to VNIR calibration, the Moon can be used to confirm the sensitivity degradation of the TIR bands by monitoring variation in the number of saturated pixels in a TIR image when the TIR sensor observes the Moon. This is because if sensitivity degradation of a TIR band occurs (i.e., the dynamic range of the TIR band is broadened) then the TIR band can capture areas of higher temperature without saturation. In 2003, because of the high temperature of the lunar surface around the sub-solar point (more than 120 °C [21]), the TIR images of the Moon had many saturated pixels. On the other hand, based on the degradation trend in the TIR bands [6], it is expected that the TIR sensor captured images of the Moon with a much smaller number of saturated pixels in 2017 if the TIR observes the Moon with a lunar surface temperature profile similar to that in 2003. Therefore, if we see a smaller number of saturated pixels in TIR images in 2017 as we expected, it supports the sensitivity degradation of the TIR bands, at least qualitatively.



In this study, we present a lunar calibration result for ASTER based on two lunar observations conducted in 2003 and 2017. For the VNIR bands, we will compare the observed lunar brightness with the expected lunar brightness from the lunar surface reflectance models (the SP and ROLO models). For the TIR bands, we will confirm the distribution of saturated pixels in 2003 and 2017. Each lunar calibration result will be used to assess validity of the results from other calibration approaches.




2. Lunar Observations and Data


Lunar calibration has a good ability for measuring relative variations in the sensor sensitivity of a sensor with a small uncertainty (the order of 0.1%) [13]. To measure the relative variation in a sensor sensitivity, at least two lunar observations are required. ASTER first observed the Moon in April 2003 with special pitch maneuver of Terra, which was required to observe the Moon with sensors that have narrow fields of view, especially for the ASTER VNIR, SWIR and TIR. Fourteen years later, in August 2017, ASTER successfully observed the Moon again. Therefore, we can apply the lunar calibration method for ASTER by using the two observations of the Moon in 2003 and 2017. Because the Moon is an irregular observation target for Terra, the lunar observation required careful discussion and well-prepared operations of the pitch maneuver in terms of reducing any operational risk. This is a part of reasons we needed the 14 years between the two lunar observations. In this study, we focused on the ASTER VNIR and TIR sensors that observed the Moon in both 2003 and 2017 (the SWIR sensor observed the Moon only in 2003 due to the rise in temperature of the detectors since May 2008, which has resulted in saturation and severe striping [22]).



Both the VNIR and the TIR sensors are multi band sensors; the VNIR sensor has three observation bands, and the TIR sensor has five bands. The specifications of both sensors are listed in Table 1. Because of the high spatial resolution of ASTER images, the Moon can be resolved with several hundred of pixels by the VNIR bands and ~100 pixels by the TIR bands. Note that to construct pairs of stereo images, the VNIR sensor is composed of two telescopes: a nadir-looking telescope and a backward-looking direction. The nadir-looking telescope has three bands (Band 1, Band2, and Band 3N), and the backward-looking telescope has one band (Band 3B) whose wavelength range is the same as that of Band 3N.



In Table 2, the geometries of ASTER’s observations of the Moon in 2003 and 2017 are summarized. Each parameter is required for using both the ROLO and SP models. Although the lunar surface condition is photometrically stable (e.g., changes that influence lunar irradiance at the 1% level are expected at intervals of the order of 108 years [23]), it has been known that different observation geometries may cause a calibration uncertainty of up to 1% due to the complicated surface features of the Moon [17]. To reduce this uncertainty, we choose the observation date of 2017 when ASTER could observe the Moon with an observation geometry similar to that from 2003. In both observations, deepspace was also in ASTER’s field of view and was observed before and after capturing the Moon, which can be used for assessing the bias level of the observation.



2.1. Lunar Images Taken by the Visible and Near Infrared Bands


At the lunar observations, Terra changed its attitude with pitch maneuver from its nominal one to the attitude in which sensors onboard Terra could see the deepspace and the Moon. According to the pitch rotation, the VNIR and TIR scanned the Moon almost from north to south. To avoid the “undersampling” condition in which ASTER may miss observing some regions of the lunar surface, ASTER observed the Moon at a slower rotation speed for Terra than usual, so that the same region of the Moon was observed several times (called the “oversampling” condition). Figure 1 shows an example of lunar images obtained by the VNIR bands whose oversampling effect was not corrected. Due to the oversampling effect, the silhouette of the observed Moon was an ellipse, whereas the actual shape of the Moon is circle.



The factor of the oversampling effect can be measured from information on the attitude control of a satellite in an observation of the Moon or can be measured with an image-processing method, such as fitting an ellipse to the elongated Moon (Appendix A). By adopting the ellipse-fitting method based on [24], we found that the oversampling factors were 4.57 in 2003 and 4.58 in 2017 whose uncertainties were less than 0.03 measured from residuals of the fitting, and we confirmed that these values were consistent with information on the attitude control provided by the Terra Flight Dynamics Team, 4.55 measured from the planned pitch maneuver rate of 0.122 degree s−1 [25] (Appendix A).




2.2. Lunar Images Taken by the Thermal Infrarred Bands


At the same time as the VNIR observations, the TIR sensor observed the Moon with Bands 10 to 14 in both 2003 and 2017. Figure 2 shows examples of the lunar images taken by the TIR sensor in 2003 and 2017 with Band 10. Since the TIR sensor is a whisk-broom sensor with 10 detectors for each band and the lunar observations were conducted under oversampling conditions same as the VNIR, the Moon was observed as a discrete shape, though the TIR sensor observed the whole lunar disk without any observation gaps (Appendix A). In 2003, due to the high temperature of the lunar surface around the sub-solar point (more than 120 °C), many pixels around the subsolar location were saturated. This saturation occurred because the specifications of the TIR bands were adjusted to monitor the temperature profile of the terrestrial surface. On the other hand, there were fewer saturated pixels in the images from 2017 and the saturation level was higher in 2017 than in 2003, which should reflect the sensitivity degradation over the 14 years. The validity of the saturation level is discussed in Section 4.





3. Lunar Calibration for the Visible and Near Infrared Bands: Evaluating the Sensitivity Degradation


Because the brightness of the Moon depends on several geometric parameters (such as the distance between the Sun and the Moon, distance between the Moon and an observer, the phase angle between the Sun, the Moon, and an observer), it is difficult to investigate the VNIR’s sensitivity variation simply by comparing the lunar brightness observed at different times. In the lunar calibration approach, to address the dependence of the lunar brightness on geometric parameters, a simulation of the lunar brightness that can reproduce the geometric dependence is required. Then, by comparing the ratio between the observed and the simulated lunar brightness (the former is affected by the sensor sensitivity degradation and the latter is not affected), we can investigate how much the sensor experiences a sensitivity degradation.



In addition to simulating the lunar brightness, several basic image-processing procedures are also required to achieve better accuracy in measuring the sensitivity variation. To convert the digital numbers in the image of the Moon, which are the original output from the VNIR sensor, to a physical quantity, i.e., the radiance (W m−2 sr−1 μm−1), we used the latest version (version 4) of the RCC that was distributed by the ASTER Science Team and Japan Space Systems [22]. The RCC contains parameters for flat-fielding, removing bias, and correcting temporal variations in the sensor sensitivities of the VNIR bands, which are derived from ASTER’s onboard calibration and a vicarious calibration. Note that in this study, the correction of the temporal variations in the sensitivities of the VNIR bands was not performed for investigating the variations in the sensitivity by lunar calibration.



In this section, we will first show the additional correction for the remaining bias that was found through analyzing the deepspace region, and then we will show the lunar calibration result based on the lunar reflectance models (the SP and ROLO models).



3.1. Bias Reduction by Deepspace Observations


Ideally, if no energy is input into a detector, no digital count is expected. However, due to dark currents, stray light, and other reasons, offset counts are usually observed, which may affect the uncertainty in the radiometric measurements of a target. Therefore, the temporal variations in the offset levels in the VNIR bands are monitored with an onboard calibration system and night-side observations [3].



Deepspace is an ideal target to validate offset monitoring because a detector receives no energy input from deepspace. Before and after scanning the Moon, ASTER also observed deepspace with several thousand lines. Figure 3 shows an example of averaged offsets in deepspace regions that were measured from a lunar and deepspace image taken by VNIR Band 1 in 2003. Small but nonzero offsets remained in all bands in both 2003 and 2017, even after the expected offsets based on the RCC were subtracted from the images. Even pixels and odd pixels have different amplification circuits, and the difference may affect profiles of the offset values for even and odd pixels [26]. Since the remaining offsets may affect the lunar calibration accuracy for which we assumed no remaining offset, we subtracted the offset at each pixel and successfully reduced the offsets to less than 10−3 W m−2 sr−1 μm−1 that can be ignored when measuring the lunar brightness.




3.2. Sensitivity Degradation from 2003 to 2017


Because the appearance of the Moon is different under different observation conditions (phase angles and libration conditions), it is difficult to evaluate the sensor sensitivity degradation by directly comparing the lunar brightness in different observations. Instead, in the lunar calibration method, the sensor sensitivity degradation is investigated by monitoring the variation in the ratio between the observed and expected brightness levels of the Moon. To evaluate the expected lunar brightness, we used two different lunar surface reflectance models, the SP model [19,20] and the ROLO model [17], to validate the consistency in the lunar calibration result.



The SP model is a map-base lunar surface reflectance model with a resolution of 0.5° × 0.5° that covers the whole lunar surface. Each grid in the SP model has hyper-spectral radiance factors that correspond to standardized lunar surface reflectance with a specified observation geometry (incident angle = 30°, emission angle = 0°, and phase angle = 30°). The wavelength coverage of the SP model is 512–1650 nm with 6–8 nm spectral intervals, which covers the wavelengths of the VNIR bands. In addition, the photometric dependence of the surface reflectance on incident, emission, and phase angles was also modeled in the SP model [19]. By utilizing the reflectance map and the modeled photometric dependence, we can simulate the lunar brightness as an image with any observation geometry [20]. On the other hand, the ROLO model provides an expected lunar irradiance that corresponds to integrated brightness over the whole lunar disk in an observed image. By modeling the dependence of disk-equivalent reflectance of the Moon on observation geometries as listed in Table 1, the ROLO model allows to simulate the lunar irradiance observed from the Earth or from a low-Earth orbit [17].



Figure 4a shows examples of the observed lunar images in 2003 and 2017 with VNIR Band 1, whose oversampling effects were corrected (Appendix B), and Figure 4b shows their SP simulations. Both the observed and simulated images were sufficiently similar (correlation coefficients > 0.99), which enables a pixel-by-pixel comparison between the observed and simulated lunar images [20].



Figure 5 shows the brightness ratios in 2003 and 2017 for Band 1 derived from the observed and simulated images of the Moon shown in Figure 4. As in Figure 5, the brightness ratio in 2017 was smaller than that in 2003 for the whole luanr disk, indicating that VNIR Band 1 experienced a sensitivity degradation during the 14 years. This tendency was the same in other bands. The amount of sensitivity degradation from 2003 to 2017 (i.e., the relative degradation) from the SP model can be measured by


   r  2003 → 2017   =      (     I  o b s      I  s i m      )   ¯    2017   /      (     I  o b s      I  s i m      )   ¯    2003   ,  



(1)




where    I  o b s     represents the observed brightness, and    I  s i m     represents the simulated brightness at each observation. The overbars in (1) indicate averaging over the region we used (incident angle < 60°, and emission angle < 45°). Similarly, the degradation can be measured from the ROLO model by using the total irradiance of the Moon as


   r  2003 → 2017   =    (    I r  r  o b s     I r  r  R O L O      )    2017   /    (    I r  r  o b s     I r  r  R O L O      )    2003   ,  



(2)




where   I r  r  o b s     is the observed irradiance and   I r  r  R O L O     is an expected irradiance of the Moon with the ROLO model (Appendix C).



Note that the reason why the lunar disk size in 2003 was larger than that in 2017 is that the distances to the Moon at the lunar observation in 2003 was 10% shorter than that in 2017 (see Table 2). Evaluations from both the ROLO and SP models are not affected by the distance variation, because the ROLO model includes a distance correction, whereas the SP models simulates a lunar image with a consideration of the distance.



Table 3 shows the sensor sensitivity degradations observed in VNIR Bands 1, 2, 3N, and 3B from 2003 to 2017 measured from the lunar calibration based on the SP and ROLO models. Note that following [20], only the limited regions (incident angle < 60° and emission angle < 45°) in the lunar disks were used for lunar calibration with the SP model, where the SP model provides valid brightness values [19]. For comparing observations with simulations from the ROLO model, which simulates the irradiance of the Moon, we integrated the observed radiance of whole lunar-disk pixels in the VNIR images to measure the irradiance of the Moon (see Appendix C).



Considering that the error ranges in lunar calibration can be up to 1% from the discussion in [16], the lunar calibration results from SP and ROLO models were consistent with each other for all bands within the error range. Since the two models were developed independently, the consistency between the two models indicates the validity of the lunar calibration results. The lunar calibration results suggested that the VNIR bands experienced the sensitivity degradations of three to six percent from 2003 to 2017.



Although the SP model is expected not to be accurate at an observation condition with large incident and emission angles [19], it is worth to investigate how the result from the SP model changes when we use the whole lunar disk that includes both large incident and emission angle conditions to understand the performance of the SP model more. A planetary exploration mission, Hayabusa 2, conducted the lunar calibration with such a severe condition in which it had to use the whole lunar disk because of the small disk size of the Moon [27,28], although only the SP model was applicable because Hayabusa 2 observed the far-side of the Moon. We confirmed that the results from using the whole lunar disk provided basically lager degradation values, but the difference was only 1% from the results of the SP model (nominal case) and the ROLO model (Table 3). In addition, because an image registration technique is performed for simulation of the lunar image with the SP model [20], the accuracy of the lunar calibration with the SP model should not be sensitive to the accuracy of the oversampling factor. Indeed, even when we used a wrong oversampling factor (we tested with the factor of 4.2), we confirmed the measured degradation for the VNIR Band 1 from 2003 to 2017 was 3.1%, which was the same as the degradation when we used the correct oversampling factor. The robustness of the SP model against the accuracy of the oversampling factor should be worth to be investigated in future studies.



Finally, we confirmed the linearity of the VNIR bands by comparing the simulated and observed lunar brightness in 2003 and 2017 (Figure 6 for Band 1). In both years, the brightness distributions had clear linear relationship in all bands as in Figure 6, indicating no significant linearity variation happened in the VNIR bands.





4. Lunar Calibration for the Thermal Infrared Bands: Validation of the Measured Sensitivity Degradation


For the TIR bands, the amount of sensitivity degradation has been validated within 1 K uncertainty by onboard calibration and vicarious calibration, and both methods have shown consistent calibration results with each other since Terra’s launch [6]. Based on the calibration, variation in the saturation levels can be expected in each band for 2003 and 2017. Considering that the highest temperature on the lunar surface can exceed 120 °C [21], there should be many saturated pixels in TIR images, especially in Band 10 in 2003 (Figure 7). In Figure 7, the saturation temperature was determined as the brightness temperature converted from the highest unsaturated digital counts of the TIR with the on-orbit calibration coefficients at each observation, thought the temperature could be an approximation value because 120 °C is out of the calibration range for the TIR [6].



On the other hand, it is expected that the TIR sensor could observe the Moon surface with a smaller number of saturated pixels in 2017 even with Band 10. For this expectation, we assumed the temperature profile at the observation in 2017 was similar to that in 2003 at least around the sub-solar point, because the lunar surface has a good repeatability of the surface temperature in terms of the solar elevation [21] due to lack of atmosphere and water and the slow rotation speed of the Moon, and the observations in 2003 and 2017 were conducted with almost the same solar distance and the similar illumination and viewing conditions (Table 2).



Although it is difficult to determine the TIR’s sensitivity degradation quantitatively with only the Moon due to the lack of a published surface brightness model in the TIR range, the degradation can be qualitatively confirmed by monitoring the variations in the saturation levels and the number of saturated pixels in the TIR images from 2003 to 2017.



Figure 8 shows sets of the TIR images of the Moon from 2003 and 2017 whose oversampling effects were corrected. In 2003, saturation occurred in all bands, whereas saturation occurred only in Band 10 in 2017, which has the lowest saturation temperature of the TIR bands. Although there were still saturated pixels in Band 10 in 2017, the number of saturated pixels was significantly reduced (from 3370 pixels in 2003 to 63 pixels in 2017). Saturation occurred only in Band 10 in 2017, which was consistent with the expectation of the TIR sensor’s sensitivity degradation from the onboard and vicarious calibrations (Figure 6), assuming that the maximum temperature on the Moon is 120 °C. Quantitative evaluations will be possible when we conduct another lunar observation with the TIR sensor in the future for which we can compare TIR images that have no saturated pixels.




5. Discussion


Since lunar calibration can measure a temporal variation in a sensor sensitivity accurately (within 1% uncertainty), the validity of other calibration methods can be assessed through the comparison of their results with the result from the lunar calibration. Figure 9 shows a comparison of the relative sensitivity degradations from 2003 to 2017 measured by the lunar calibration with those from other calibration methods in Bands 1, 2, 3N, and 3B of the VNIR sensor. To estimate the relative degradation with onboard calibration, we used degradation values at the lunar observations measured by the onboard calibration system of ASTER, that is, 0.771, 0.844, and 0.895 for Bands 1, 2, and 3N on April 13 2003 and 0.694, 0.749, and 0.794 on August 11 2017, respectively. The onboard calibration for the VNIR bands is performed with onboard halogen lamps whose performances have been monitored with photodiodes [26]. For vicarious calibration, we used the degradation trends obtained from three selected observation sites (Railroad Valley, Alkari Lake, and Ivanpah Playa) as reported in [4,10].



From Figure 9, somewhat large discrepancies in the onboard calibration from other calibration methods can be confirmed. This finding indicates that the uncertainty in the onboard calibration increases with time. On the other hand, the lunar calibration results were more consistent with the results from the vicarious calibration. Although there were still a few percent discrepancies between them, especially in Band 3N, they were consistent with each other within the range of the uncertainties by considering the possible uncertainties of 3–5% in the vicarious calibration results [29]. The benefit from the lunar calibration is that we may determine the magnitude of the degradation within the smaller uncertainty, in other words, the vicarious calibration has a room for improvement in terms of the uncertainty. Obata et al. [10] proposed an approach for correcting vicarious calibrations by considering the surface reflectance spectra at the calibration sites with a band transition technique for inter-band comparisons (called “inter-band calibration”). The measured sensitivity degradations from the inter-band calibration were much more consistent with those from the lunar calibration than those from the vicarious calibration (Figure 8).



It should be noted that the current RCC for the VNIR bands is developed by mixing degradation trends from the onboard calibration and the vicarious calibration [9]. This feature is the reason that the magnitude of the degradation based on the RCC was different from that of others (Figure 9). The discrepancy between the RCC and the lunar calibration results was beyond the error ranges of the lunar calibration, indicating that a further update is also required for the RCC.



Note that it is still unclear what things cause the large uncertainty in the onboard calibration. The possible candidates of the unresolved uncertainty are degradation of optical transparency of the calibration optics, sensitivity degradation of the monitoring photodiodes, and degradation of filters for the photodiodes [3] that have not been monitored, and thus their performances are highly uncertain.




6. Conclusions


ASTER successfully observed the Moon in 2003 and 2017. Based on the two observations of the Moon, the temporal variations in the sensor sensitivities of ASTER’s visible and near-infrared bands (Bands 1, 2, and 3N) were evaluated. The lunar calibration results indicate that sensor sensitivity degradations of several percent occurred in all the VNIR bands. The lunar calibration was basically consistent with the vicarious calibration, but there were still a few percent discrepancies between both results, which indicates further improvement is needed for ASTER calibration. For the TIR bands, the Moon can be used for validating the onboard and the vicarious calibration results by monitoring saturated pixels in images of the Moon. As expected of the onboard and the vicarious calibrations, there were fewer saturated pixels in 2017 than 2003, which supports the validity of the calibration for the TIR bands.



Although the lunar calibration for the VNIR bands can provide only one-point information about the sensitivity degradation from 2003 to 2017, the information can be used as a constraint when we fit a degradation trend measured from other calibration methods. In addition, other instruments onboard Terra, such as Moderate Resolution Imaging Spectroradiometer (MODIS), Multi-angle Imaging Spectroradiometer (MISR), Measurements Of Pollution In the Troposphere (MOPITT), observed the Moon at exactly the same time of ASTER’s observations, indicating an ideal cross-calibration condition among these instruments via the Moon. Further analysis on the combination of all the calibration methods and collaborations with other calibration approaches, such as a calibration with the pseudo invariant calibration method [30] that can also provide high quality results for long-term stability trending, will provide a better RCC in the future and will enhance consistency among sensors.
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Appendix A


In this section, we will show estimations of oversampling factors for the VNIR and the TIR bands based on attitude control information and image processing.



For the VNIR, which is a pushbroom sensor, if the pitch rotation rate is given from the attitude control information of Terra and the rate is constant during the lunar observation, the oversampling factor for the VNIR can be estimated as


   f  o s       (  V N I R  )    =    θ  i F O V       (  V N I R  )       r p   t e      (  V N I R  )       



(A1)




where    θ  i F O V       (  V N I R  )      is the instantaneous field of view of the VNIR (i.e., angular size of one pixel),    r p    is a pitch rotation rate, and    t e      (  V N I R  )      is a scan interval. From the specification of the VNIR [31],    θ  i F O V       (  V N I R  )      = 21.3 μrad,    t e      (  V N I R  )      = 2.199 ms, and from the attitude control information,    r p    = 0.122 degree s−1 [25]. The estimated oversampling factor for the VNIR bands was 4.55. Note that the pitch rotation rate was common with the TIR bands.



For the TIR, which is a whiskbroom sensor, the oversampling factor can be estimated from the attitude control information as


   f  o s       (  T I R  )    =    θ  i F O V       (  T I R  )       r p   t e      (  T I R  )      ×  n  d e t e c t o r    



(A2)




where    n  d e t e c t o r     represents number of detectors of each TIR band aligned with an along-track direction. Because the TIR is a whiskbroom-type sensor, the TIR repeats cross-track scans by utilizing oscillation of an observation mirror, and    t e    means an interval of cross-track scans. The configuration of the oversampling condition for the TIR bands is illustrated in Figure A1.



[image: Remotesensing 11 02712 g0a1 550] 





Figure A1. Schematic views of TIR’s whiskbroom observations in (a) a nominal observation condition and (b) an oversampling condition. Note that each TIR band has 10 detectors and the actual TIR detectors are aligned with a stagger configuration. 






Figure A1. Schematic views of TIR’s whiskbroom observations in (a) a nominal observation condition and (b) an oversampling condition. Note that each TIR band has 10 detectors and the actual TIR detectors are aligned with a stagger configuration.
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By substituting the TIR’s specification [31],    θ  i F O V     = 127.8 μm,    t e    = 131.94 ms, and    n  d e t e c t o r     = 10, then we have    f  o s       (  T I R  )      = 4.55, which is same as the factor for VNIR. The effect from the orbital motion of Terra (~7 km s−1) can be ignored in above calculation because the distance between the Moon and Terra at the observation was too large (more than 350,000 km).



On the other hand, since the VNIR has an enough resolution for capturing the Moon with a several hundred pixels, an ellipse fitting technique is applicable to estimate the oversampling factor. Figure A2a shows an example of our fitting results for the VNIR’s lunar images with a robust ellipse fitting technique based on [24]. As illustrated in Figure A2b, by using the horizontal length of the ellipse,    l a   , which represents an actual radius of the Moon in a VNIR image, and the vertical length,    l e   , which is longer than    l a    due to the oversampling condition, we can estimate the oversampling factor simply as


   f  o s       (  V N I R  )    =    l e     l a    .  



(A3)




The estimated    f  o s       (  V N I R  )      was 4.57 for 2003 images and 4.58 for 2017 images with an uncertainty of 0.03. The uncertainty was evaluated from a standard deviation of residuals between the fitted ellipse and the locations of the extracted limb points of the Moon. The standard deviation was up to 1.1 pixels whereas the size of the lunar disk was more than 400 pixels, thus we concluded that the uncertainty of the estimated oversampling factors from the image processing can be less than 0.5%.
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Figure A2. (a) An example of ellipse fitting for elongated lunar images (Band 1 for 2017). The standard deviation of residuals between the fitted ellipse and the locations of the extracted limb points in this example was 0.5 pixel whereas    l a    and    l e    as shown in (b) were 413 and 1893 pixels, respectively. 






Figure A2. (a) An example of ellipse fitting for elongated lunar images (Band 1 for 2017). The standard deviation of residuals between the fitted ellipse and the locations of the extracted limb points in this example was 0.5 pixel whereas    l a    and    l e    as shown in (b) were 413 and 1893 pixels, respectively.
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Appendix B


In this section, we will show our procedure of generating a corrected lunar image with a resampling technique for a lunar calibration with the SP model. To evaluate a brightness for a resampled pixel at (I, J) position in the corrected image, we calculated a weighted mean brightness as


   I c      (  I , J  )    =     ∑  j   w j   I r      (  I , j  )        ∑  j   w j     



(A4)




where    I c      (  I , J  )      means the brightness for the resampled pixel,    I r      (  I , j  )      is an observed brightness at (I, j) position in a raw image, and    w j    represents a weighting factor for j-th line in the raw image.    w j    is determined from the projected position of a pixel in the corrected image as illustrated in Figure A3.



Because the oversampling factors for the VNIR and TIR bands are not integer, the values of the total weight     ∑  j   w j    can be different at different J. We confirmed the values of the total weight were from 4.53 to 4.62 for the Band 1 lunar image in 2003. But since we used a weighted mean value for the resampling, the effect from the difference in the total weight was canceled. For the TIR bands, the correction of the oversampling effect can be done with the same manner.
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Figure A3. (a) Schematic view of correcting the oversampling effect for the VNIR bands in this study. (b) An example of calculating a weighted mean brightness for a pixel in a corrected image for the case 4 <    f  o s     < 5. Note that the distributions of    w j    are different for different lines in the corrected image due to the non-integer    f  o s    . 
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Appendix C


We measured the observed lunar irradiance from the VNIR images by


  I r  r  o b s   =  1   f  o s      Ω p    ∑   i , j    I  i , j    



(A5)




where    f  o s     is an oversampling factor,    Ω p    is a solid angle of each pixel, and    I  i , j     is the radiance of a pixel at (i, j). We integrated pixels not only in the lunar disk but also surrounding deepspace regions within approximately 200-pixel distance from the lunar disk limb. We confirmed the selection of the width for the deepspace did not so affect the measured irradiance (the order of 0.1%, we tested with 100, 200, and 300 pixels).



For computing the simulated irradiance from the ROLO model, we followed the calculation proposed in [17] as


   I k  =    A k   Ω M   E k    π  f d     



(A6)




where    I k    represents modeled irradiance for k-th ROLO band (k = 1–32, corresponding to 350–2383 nm),    A k    is the disk-equivalent albedo for band k,    Ω M    is the solid angle of the Moon observed from a standard distance (384,400 km), and    E k    is the solar irradiance (derived from the model of Wehrli [32]) at 1 AU for the band k.    f d    is a distance parameter for canceling the distance effect to the irradiance as


   f d  =    (     D  S − M     1    AU     )   2     (     D  V − M     384 , 400    km     )   2   



(A7)




Note that    A k    is a function of geometry parameters [17], such as phase angle, sub-solar longitude, sub-observer latitude and longitude on the Moon that are listed in Table 3.



Above calculation is for ROLO bands (i.e., irradiance will be obtained at discrete wavelengths). To obtain a continuous irradiance spectrum, following to [17], we fitted a mixed spectrum of a returned Apollo soil sample [33] and a lunar breccia sample [34] to    A k   . Then we performed (A6) and (A7) for the fitted reflectance spectrum. Finally, we obtained the modeled irradiance for a VNIR band as


  I r  r  R O L O   =     ∫  λ    I  f i t    ( λ )     S  V N I R    ( λ )  d λ     ∫  λ    S  V N I R    ( λ )  d λ    



(A8)




where    I  f i t     represents the fitted ROLO irradiance,    S  V N I R     is the spectral response function of the target band. Then the amount of sensitivity degradation from 2003 to 2017 (i.e., the relative degradation) can be measured by


   r  2003 → 2017   =    (    I r  r  o b s     I r  r  R O L O      )    2017   /    (    I r  r  o b s     I r  r  R O L O      )    2003   .  



(A9)
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Figure 1. Images of the Moon obtained by ASTER VNIR Band 1 on 14 April 2003 and on 5 August 2017. Because the observation was conducted under oversampling conditions, the Moon’s shape is elongated in the image frame. 
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Figure 2. Images of the Moon taken by the TIR Band 10 on (a) 14 April 2003 and (b) 5 August 2017, whose oversampling effects were not corrected. Black pixels in the Moon disks indicate saturation due to the high temperature of the Moon that exceeds the observable range of the band. 






Figure 2. Images of the Moon taken by the TIR Band 10 on (a) 14 April 2003 and (b) 5 August 2017, whose oversampling effects were not corrected. Black pixels in the Moon disks indicate saturation due to the high temperature of the Moon that exceeds the observable range of the band.
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Figure 3. (a) An example of offset patterns observed in the VNIR images (Band 1, 2003). The brightness level was stretched to enhance the offset. (b) Measured offsets for each pixel obtained from averaging the apparent brightness in deepspace regions (indicated by the rectangular regions shown in (a)). “Even” and “Odd” represent offset values for even pixels and odd pixels, respectively. 
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Figure 4. (a) Observed images of the Moon by VNIR Band 1 (520–600 nm) on 14 April 2003 and 5 August 2017 whose oversampling effects were corrected, whereas the effects from the sensor sensitivity degradation were not corrected. (b) Simulated images of the Moon for the two observations using the SP model. 






Figure 4. (a) Observed images of the Moon by VNIR Band 1 (520–600 nm) on 14 April 2003 and 5 August 2017 whose oversampling effects were corrected, whereas the effects from the sensor sensitivity degradation were not corrected. (b) Simulated images of the Moon for the two observations using the SP model.



[image: Remotesensing 11 02712 g004]







[image: Remotesensing 11 02712 g005 550] 





Figure 5. Brightness ratios for the observed and simulated brightness of the Moon for Band 1 in (a) 2003 and (b) 2017. The regions surrounded by solid black lines (incident angle < 60°, emission angle < 45°) were used for evaluating the sensitivity degradation. 
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Figure 6. Comparison of simulated and observed radiance for Band 1 in (a) 2003 and (b) 2017. The simulated radiance was measured from the SP model. The gray scale represents the normalized frequency, and the gray line represents a line with a slope of the mean ratio between simulated and observed brightness in each plot. 
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Figure 7. Expected saturation brightness temperature for each detector of each TIR band in 2003 (gray dots) and in 2017 (black dots). The higher saturated brightness temperatures in 2017 are due to the TIR sensor’s sensitivity degradation that caused a wider dynamic range in the sensor. Note that the surface temperature of the Moon can exceed 120 °C (dashed line). 
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[image: Remotesensing 11 02712 g007]







[image: Remotesensing 11 02712 g008 550] 





Figure 8. Observed images of the Moon in (a) 2003 and (b) 2017. The oversampling effects were corrected by averaging pixels whose field of views overlapped. The black pixels in the lunar disk represent regions where at least one pixel in the original image was saturated when averaging. 
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Figure 9. Comparison of the sensor sensitivity degradations in the VNIR bands from 2003 to 2017 measured from the onboard calibration (triangles), the vicarious calibration (white rectangles), and the lunar calibration (SP and ROLO models, crosses). The degradations measured from the inter-band calibration and the current RCC (version 4) are also shown (gray rectangles and black circles, respectively). 
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Table 1. Specifications of visible and near infrared (VNIR) and thermal infrared (TIR) bands of Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER).
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	VNIR
	TIR





	Wavelengths
	Band 1: 520–600 nm

Band 2 630–690 nm

Band 3N/3B: 760–860 nm
	Band 10: 8125–8475 nm

Band 11: 8475–8825 nm

Band 12: 8925–9275 nm

Band 13: 10250–10950 nm

Band 14: 10950–11650 nm



	Ground sampling distance
	15 m
	90 m



	Swath width
	60 km
	60 km



	Bit depth
	8 bits
	12 bits



	Spatial resolution for the Moon (from a 384,400 km distance)
	8.2 km
	25 km
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Table 2. Observation geometries in the ASTER lunar observations on 14 April 2003 and 5 August 2017.
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	14 April 2003
	5 August 2017





	Phase angle
	−27.7°
	−20.3°



	Sub solar latitude
	−0.9°
	−0.3°



	Sub solar longitude
	22.1°
	17.5°



	Sub observer latitude
	−6.8°
	−4.2°



	Sub observer longitude
	−5.1°
	−2.6°



	Sub observer local time
	10.2 h
	10.7 h



	Distance: Sun-Moon
	1.005 AU
	1.017 AU



	Distance: Moon-Terra
	359,021 km
	394,856 km
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Table 3. Percentages of the sensor sensitivity degradation of the ASTER/VNIR bands from 2003 to 2017 measured from the lunar calibration based on Spectral Profiler (SP) and RObotic Lunar Observatory (ROLO) models. SP model (nominal) indicates the lunar calibration results using a limited region of the lunar disk according to the recommendation of [19], and SP model (whole Moon) indicates using the whole lunar disk.






Table 3. Percentages of the sensor sensitivity degradation of the ASTER/VNIR bands from 2003 to 2017 measured from the lunar calibration based on Spectral Profiler (SP) and RObotic Lunar Observatory (ROLO) models. SP model (nominal) indicates the lunar calibration results using a limited region of the lunar disk according to the recommendation of [19], and SP model (whole Moon) indicates using the whole lunar disk.





	Calibration Methods
	ROLO Model
	SP Model

(Nominal)
	SP Model (Whole Moon)





	Band 1
	3.0%
	3.1%
	3.6%



	Band 2
	5.4%
	5.2%
	5.6%



	Band 3N
	6.3%
	5.8%
	6.3%



	Band 3B
	3.0%
	3.2%
	3.9%
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