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Abstract

:

Snow cover has significant impacts on the global water cycle, ecosystem, and climate change. At present, satellite remote sensing is regarded as the most efficient approach to detect long-term and multiscale observations of snow cover extent. The Visible Infrared Imaging Radiometer Suite (VIIRS) sensor onboard Joint Polar Satellite System (JPSS) satellites will replace the Moderate-Resolution Imaging Spectroradiometer (MODIS) to prolong data recording in the future. Therefore, it is a fundamental task to analyze and evaluate the consistency of the snow cover products retrieved from these two sensors. In this study, we performed comparisons and a consistency evaluation between the MODIS and VIIRS snow cover products in three major snow distribution regions in China: Northeast China (NE), Northwest China (NW) and the Qinghai–Tibet Plateau (QT). The results demonstrated that (1) the normalized difference snow index (NDSI)-derived snow cover products showed suitable consistency between VIIRS and MODIS under clear sky conditions, with a mean difference value of less than 5%; (2) the VIIRS snow cover product presented much more snow and fewer clouds than that of MODIS in the snow season due to the differences in cloud-masking algorithms; (3) cloud mask strongly affects the potential of snow cover observation, and presents seasonal pattern in the test regions; and (4) VIIRS is able to distinguish clouds from snow with greater accuracy. The comparisons indicated that the greater the difference in cloud cover, the poorer the agreement in snow cover. This evaluation implies that perfecting the cloud-masking algorithm of VIIRS to update the MODIS would be the best solution to achieve better consistency for long-term and high-quality snow cover products.
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1. Introduction


Snow cover is one of the most crucial components in the cryosphere [1]. Spatial–temporal variation in snow cover plays a critical role in energy balance and climate change due to its high albedo, heat insulation and absorbing properties [2,3,4,5]. Additionally, snow cover is of great significance in regional/global water resources [6]. Meltwater from mountain snowpacks flows to some of the world’s most densely populated areas, benefiting more than one billion people [7], and can also cause glacier ice break. The onset, duration and melt date of snow cover are important parameters for hydrological modeling [8,9,10]. Therefore, accurate monitoring of the spatial distribution of snow is crucial for studies of the global water cycle, climate change, water resource management, hydrological processes and so on.



Satellite-based remote sensing technology is a powerful tool to study the Earth’s snow cover and allows for the detection and mapping of the snow cover extent (SCE) at regional and global scales with the advantages of multiple spatial and temporal scales. Snow cover products from the Moderate-Resolution Imaging Spectroradiometer (MODIS) instrument have been archived and distributed by the National Snow and Ice Data Center (NSIDC) since 2000 [11,12]. At present, the MODIS instruments onboard the Terra (EOS-AM1) and Aqua (EOS-PM1) satellites are still functional, providing more than 20 years of snow cover products with global, daily snow coverage at a 500 m and 0.05° resolution [13,14,15]. Many time-series studies that have been undertaken have validated its accuracy [16,17]. The long-term record and medium spatial resolution of MODIS make it an effective and reliable option to monitor the spatial and temporal variability of SCE at regional and hemispheric/global scales [18,19].



Unfortunately, these two aging satellites will be retired in the coming years due to changes in their orbits and sensor degradation. Following the legacy of MODIS, the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting Partnership (SNPP) satellite was launched on 28 October 2011 [20,21,22,23]. The VIIRS sensor enables a new generation of operational moderate-resolution imaging capabilities, and provides high-quality multidecade, daily satellite observation. In order to create an Earth Science Data Record (ESDR) and monitor global changes, the new sensor serves as a bridge between NASA’s Earth Observing System (EOS) of satellites and the next-generation Joint Polar Satellite System (JPSS) satellites [24,25].



As the main data sources for SCE with long-term and high temporal resolutions, MODIS and its successor, VIIRS, will play important roles in providing long time-series data records of the Earth system. Therefore, to develop continuous land product datasets, it is necessary to investigate the consistency of MODIS and VIIRS products due to discrepancies in their sensor performance, observation geometry, spatial resolution, spectral coverage and band settings. Great efforts have been devoted to evaluating and validating the consistency of VIIRS and MODIS products, such as the leaf area index (LAI) and fraction of photosynthetically active radiation absorbed by vegetation (FPAR) [26], normalized difference vegetation index (NDVI) [27], cross-calibration of near-infrared bands [28], land surface temperature and emissivity [29] and bidirectional reflectance distribution function (BRDF) [30]. These cross-comparison studies of these land data products showed satisfactory continuity between the products.



To verify the consistency between MODIS and VIIRS long time-series SCE products, several cross-comparisons have been performed. The continuity of MODIS/Aqua, MODIS/Terra and VIIRS/SNPP SCE products was evaluated using cell-to-cell comparisons of two adjacent tiles in the western United States over two days and found a 90–97% agreement in the SCE on different landscapes under a clear sky [31]. Two hundred and forty-four swath snow products from MODIS/Aqua (MYD10_L2) and VIIRS Environmental Data Records (EDR) (VSCMO/binary) were compared for the 2016 hydrological year in the North American region, indicating that these two binary snow cover products with different thresholds showed an overall agreement of approximately 98% when excluding all cloudy pixels [32]. The accuracies of the MODIS/Terra, MODIS/Aqua and VIIRS/SNPP snow cover products were all adequate under clear sky conditions on the Tibetan Plateau (TP) but poor when the snow depth was lower than 5 cm [33]. Furthermore, the VIIRS daily snow cover product showed much better accuracy than MODIS/Aqua but lower accuracy than MODIS/Terra on the TP [34]. The VIIRS NASA Snow Cover Product Validation team conducted comparisons between MODIS Collection 6 and VIIRS Collection 1 NDSI-derived SCE cloud-free maps in the Wind River Range in Wyoming. They detected a small difference in the snow cover due to differences in the sensors, viewing geometry and acquisition times, with the overall agreement of 97% [35]. However, the limitations of these studies were as follows: (1) comparisons were implemented under cloud-free conditions or with very few clouds; (2) binary snow products produced by different NDSI thresholds may have brought uncertain disagreement, and thus the comparisons lacked a uniform standard; and (3) the quantitative analysis of the impact of cloud cover on snow cover consistency was inadequate. Furthermore, the generation of snow cover products was based on cloud mask products retrieved by different cloud-masking algorithms [36,37,38]. Though the temporal/spatial smoothing method can obtain the true snow presence across cloudy periods [39], too much difference in the cloud mask will impede these smoothing technologies and break the consistency. Hence, ignoring the influence of cloud cover may have resulted in biased conclusions on the snow cover agreement.



It is commonly recognized that clouds limit information acquisition from the ground and create daily data gaps from optical-based sensors [40,41,42,43]. Additionally, researchers have concentrated on the accuracy of cloud mask products, discrimination of clouds and snow and the effect of clouds on snow/ice identification [44,45,46,47]. Previous research revealed that the mean accuracy of the cloud mask used in the MODIS/Terra 8-day snow cover product in the snow season was low (19%) [48]. The issue of cloud obstruction was highlighted using MODIS daily snow cover products, which suffered from the influence of overcast conditions mainly in mountains and during the melting period [40]. An approximately 100 km stretch of a river that was up to 1.6 km wide was examined with daily data sampled at a 500 m resolution, and the results showed substantial differences between MODIS and VIIRS cloud mask products, especially when the river was ice-covered [49]. The performance of Landsat 8 OLI and MODIS cloud masks was assessed with the conclusion that snow-cloud discrimination caused the poor performance of cloud masks over snow cover [50]. Therefore, it is necessary to extensively analyze the impact of cloud cover on the consistency of snow cover products.



The primary objective of this research was to evaluate the impact of cloud mask on the consistency between VIIRS and MODIS snow cover products. This paper is organized as follows. Section 2 introduces the study areas, datasets and methods. Section 3 examines the consistency between MODIS and VIIRS snow cover products and analyzes the impact of cloud-masking algorithm differences. Section 4 compares the discrepancies of band tests in cloud-masking algorithms and discusses the seasonality of cloud cover difference. Finally, Section 5 presents the conclusions and discusses future developments of the cloud-masking algorithm.




2. Datasets and Methods


2.1. Study Regions


To evaluate the continuity of MODIS and VIIRS snow cover products, three test areas representing typical snow cover characteristics in China were chosen: Northeast China (NE), Northwest China (NW) and the Qinghai–Tibet Plateau (QT) (Figure 1) [51].



The predominant topography in NE China is mountains and plains. Boreal forests are widespread in the mountains, and farmland is located in the central plain. As the coldest region in China, the seasonal snow cover has a duration of approximately five months from November to March of the following year. Snowmelt runoff is an important water resource and is crucial for local agriculture development [52]. The NW is a typical arid and semi-arid area. In the NW, high mountains and their ranges and basins form complicated terrain. Mountains, plains and deserts are three major geographic components. The mean duration of snow cover is about 120 days, with a maximum of 1~2 m snow depth in some mountainous areas [53]. Seasonal snow cover is relatively stable both in NE and NW China [54]. The QT is known as the Asian water tower, with a mean elevation of more than 4000 m. It is rich in snow, and snowmelt water plays a critical role in river runoff and water supply. The QT has large areas of thin and unstable snowpack. Deep and persistent snowpack is present in some mountainous areas. Because of special climate conditions, snow cover is widely distributed with a short duration [55,56].




2.2. Datasets


In this study, two snow cover products, MYD10A1 (MODIS/AQUA Snow Cover Map Daily L3 Global 500 m SIN Grid Day) of Collection-6.1 (C6.1) [57,58] and VNP10A1 (VIIRS/SNPP Snow Cover Map Daily L3 Global 375 m SIN Grid Day) of Collection-1 (C1) [59,60], named using Earth Science Data Type (ESDT) conventions, were used to perform an intercomparison of snow cover consistency and evaluate the influence of cloud masks. The duration of one entire hydrological year and a snow season defined as from December to February was chosen. The MODIS onboard Aqua and the VIIRS onboard SNPP are recognized as quasi-synchronized, with equator-crossing times of approximately 1:30 pm (ascending) and 1:45 pm (ascending), respectively.



Both the VNP10A1 and MYD10A1 algorithms selected the best swath observation of the day for the ‘NDSI_Snow_Cover’ parameter. Pixels with ‘NDSI_Snow_Cover’ values in the range of 10–100, which is scaled by 100, were interpreted as snow, while pixels with values equal to 250 were interpreted as clouds. To facilitate cell-to-cell comparisons, the two datasets were reprojected onto a geographic grid, converted to a Geo-TIF format and resized to 500 m resolution using the nearest-neighbor method so that they would be well matched.




2.3. Methods


We aimed to evaluate the consistency of snow cover products between MODIS and VIIRS considering the impact of cloud mask. The comparison was conducted in three typical snow-covered test regions for one entire hydrological year (353 days, with 12 days missing due to Aqua’s data gap from 1 September 2019 to 31 August 2020) and the snow season (91 days from 1 December 2019 to 29 February 2020). The data from the ‘NDSI_Snow_Cover’ layers in VNP10A1 and MYD10A1 snow cover products were used. The snow season in this study was defined as the duration from December to February, which had the higher percentage of snow cover [61]. More detailed descriptions of snow phenology of the three test regions can be found in [62,63,64,65].



To quantify the consistency between MODIS and VIIRS, a quantitative accuracy analysis was performed with the following indicators. The mean bias between MODIS and VIIRS was represented as mBIAS, and RMSE represents the root mean square error. The correlation coefficient (R) had a range of [−1, +1], and a value closer to 1 indicated a stronger correlation between the two variables. The formulas of the accuracy indicators were as follows:
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where xi and yi are the values of NDSI snow cover pixel i in VIIRS and MODIS, respectively, and N is the number of snow cover pixels.



The MODIS and VIIRS cloud-masking algorithms are represented as MYD35 [66] and VIIRS Cloud Mask (VCM) [38], respectively. In the cloud-masking algorithms, the cloud mask confidence classification and snow/ice processing flags are critical to identify the cloud pixels, which were stored in binary format. We used the data directly and compared the differences in confidence classification and flags. The accuracy of cloud masks was verified by the algorithms, and also by [67]. Each cloud mask pixel with a 1 km spatial resolution in MYD35 was applied to the four corresponding 500 m pixels in MYD10A1. In parallel, each 750 m gridded cloud mask pixel in the VCM was applied to the four corresponding 375 m pixels in VNP10A1. The pixels of cloud mask were identified by the MODIS and VIIRS cloud-masking algorithms, and labeled in the snow cover products with the value of 250, and the pixels with no clouds were labeled as ‘snow’ or ‘not snow’ in both products. Here, the NDSI threshold of 0.1 was chosen to label the pixels as snow [34,65]. The pixels were labeled as snow in both products were considered to be under clear sky conditions.



A paired comparison was performed using the binary snow and cloud maps on their corresponding grid cells, respectively. Using the classified MODIS binary map as a reference, a confusion matrix was calculated. The confusion matrix was utilized to determine the overall agreement (OA) and disagreement (OD) between VIIRS and MODIS. OD was used to assess the differences in snow/cloud confusion between VIIRS and MODIS. The values in the confusion matrix represented average percentages over research days. The formulas were as follows:


  O A =   T P + T N   T P + T N + F P + F N   × 100 %;  



(4)






  O D =   F N + F P   T P + T N + F P + F N   × 100 %;  



(5)




where the true positive (TP) means that both VIIRS and MODIS were labeled as snow or both as clouds; true negative (TN) means that neither VIIRS nor MODIS were labeled as snow or as clouds; false positive (FP) means that VIIRS was labeled as no snow or clouds while MODIS was labeled as snow or clouds; and false negative (FN) means that VIIRS was labeled as snow/clouds while MODIS was labeled as no snow or clouds [68].





3. Results


3.1. NDSI Consistency under Clear Sky Conditions


The comparisons were made with NDSI-derived snow maps under clear sky conditions. The statistics are listed for both the entire hydrological year and snow season in Table 1, with all clouds excluded. The mean R-value was affected by the fact that there were fewer snow cover pixels in the entire hydrological year than the snow season, which could cause the R-value to be very small, even negative, and eventually lead to an overall reduction. If the three lowest values of R were discarded in the snow season due to the limited number of snow pixels caused by cloud obstruction, the range of R values increased from the original values of 0.74 and 0.79 to 0.77 and 0.81 in the NE and NW, respectively. Additionally, in the NE, NW and QT, the RMSE was lower than 0.1, and the mBIAS ranged from −0.013 to 0.041 both in the entire hydrological year and the snow season, respectively.



From the data in Table 1, it was clear that both the RMSE and mBIAS showed good agreement with high accuracy. In general, the NDSI snow cover under clear sky conditions was consistent between MODIS and VIIRS. Three images in the snow season were randomly selected, and the distributions of snow and clouds in MODIS and VIIRS are depicted in Figure 2a,b, respectively. The VIIRS-MODIS difference map is shown on the right column of Figure 2c, and ‘NA’ (black color in the difference map) shows neither VIIRS nor MODIS labeled as snow pixels. The NDSI snow cover map differences between VIIRS and MODIS were minor, with differences of −0.0079, +0.0410 and +0.0005 in the NE, NW and QT regions, respectively. Similarly, a negative difference indicated that the mean MODIS NDSI was lower than the mean VIIRS NDSI.




3.2. Consistency Analysis of Snow, Cloud and No Snow/Cloud Cover


Snow-covered areas (SCAs) in the three test areas were calculated from VIIRS and MODIS binary snow maps and displayed throughout the snow season (between 1 December 2019 and 29 February 2020) (Figure 3). In VIIRS and MODIS, the average SCA values were 9.6 × 104 km2 and 5.1 × 104 km2 in the NE, 6.2 × 104 km2 and 3.4 × 104 km2 in the NW and 3.2 × 104 km2 and 2.1 × 104 km2 on the QT, respectively. The SCA was clearly larger in VIIRS than in MODIS, especially in the NE and NW.



The snow-covered percentages (SCPs) from MODIS and VIIRS were also compared throughout the entire hydrological year and snow season. Scatter plots of daily SCPs in the three test regions illustrated that the SCP in VIIRS was higher than that in MODIS, especially in the snow season (Figure 4), with several days of lower SCPs only in the QT. The statistical results indicated that in the NE and NW, the average SCP in VIIRS was nearly twice as much as that in MODIS, both in the entire hydrological year and snow season, while the difference was slightly smaller in the QT.



Binary cloud maps were used to evaluate and analyze the consistency of cloud cover products through the entire hydrological year and snow season. Scatter plots of the daily cloud cover percentage (CCP) in the three test regions are illustrated between VIIRS and MODIS in Figure 5. On each day of the snow season, the CCP in MODIS was higher than that in VIIRS both in the NE and NW, with several days of lower CCPs only in the QT. The statistics demonstrate that in the NE and NW, the average CCP in MODIS was nearly twice as high as that in VIIRS in the snow season. The difference was slightly smaller on the QT. ‘No snow/no cloud’ cover pixels included pixels showing lakes and other land cover types, excluding all other pixels of snow or clouds. Scatter plots of the daily no snow or no cloud cover percentages in the three test regions are illustrated between VIIRS and MODIS in Figure 6. The percentage of no snow/no cloud cover in VIIRS was close to that in MODIS, especially in the NE and NW in the snow season.




3.3. Impact of Cloud Mask on Snow Cover Consistency


Three selected images were used to interpret the distribution difference of snow and clouds. The snow and cloud cover distribution difference map (Figure 7) demonstrated that VIIRS presented much more snow, whereas MODIS showed many more clouds on the whole.



The significant influence of cloud cover on snow cover consistency was quantitatively evaluated. Considerable differences have been found under clear sky conditions and real scenarios with cloud cover (Table 2). It was clearly demonstrated that under clear sky conditions, the OA was significantly improved by approximately 10% in the entire hydrological year and by 15% to 30% in the snow season compared to the OA under cloudy conditions. Cloud obscuration has a significant impact on snow cover consistency, as evidenced by the dramatic increase in OA. In the NE and NW, there was a large increment in the OA. A possible reason may be the disagreement of snow and cloud cover due to low solar declination [69]. In the QT, the dominant no-snow pixels contributed to the smaller increment in the OA under cloudy and clear sky conditions.




3.4. Cloud Mask Confidence Classification Strategy


In the cloud-masking algorithm, there were four possible confidence levels, which were labeled as unobstructed field-of-view (FOV) flags: confidently clear (confidence > 0.99), probably clear (0.99 ≥ confidence > 0.95), probably cloudy (0.95 ≥ confidence > 0.66) and confidently cloudy (confidence ≤ 0.66).



The cloud mask confidence classification strategy is different between VCM and MYD35. For the VCM, the confidence levels of probably cloudy, confidently clear and probably clear were assumed to represent clear sky conditions, while only the confidently cloudy conditions were considered to represent clouds. In MYD35, the confidence levels of confidently clear and probably clear were categorized as clear sky, while those of confidently cloudy and probably cloudy were classified as clouds. It can be seen that the clear sky conservative approach was utilized in MYD35. Three images were used to illustrate the cloud mask confidence levels. From the confidence level maps (Figure 8), the probably cloudy level was categorized as a cloud mask in MYD35, which made MODIS show many more clouds than VIIRS to a certain extent. The probably clear level was rare in MODIS/Aqua all over the world, so it was absent here. In MODIS, the level flags with probably cloudy conditions were dispersed, especially in cloud transition regions, and contributed to the large cloud coverage. As a result, greater amounts of clouds in some situations were observed in MODIS than in VIIRS.




3.5. Snow/Ice Flags in Cloud Mask Algorithm Processing


In the cloud mask algorithm processing, determining surface background conditions is a preliminary step. Snow/ice flags are used to label the surface types of snow/ice. Both in VCM and MYD35, the operation for detecting snow/ice takes precedence over all other surface-type processing paths, such as coast, desert, land, and water.



In daytime conditions, in VCM, a temperature test was first used to judge the snow pixels. Then, the NDSI (with a ratio of band I1 centered at 0.56 µm and band I3 centered at 1.64 µm) and reflection threshold tests were used to prevent missing certain snow pixels. In MYD35, just the NDSI (with a ratio of band 4 centered at 0.55 µm and band 7 centered at 2.13 µm) was used to identify snow- or ice-covered areas. In warmer parts of the globe, the National Snow and Ice Data Center (NSIDC) ancillary snow and ice dataset was used as a check on the NDSI algorithm in MODIS [66,70]. Therefore, the difference in snow/ice flags between VIIRS and MODIS probably caused the difference in cloud identification. Three days of snow/ice flags were illustrated in the NE, NW and QT regions (Figure 9a,b). It was obvious that comparable discrepancies (Figure 9c) in snow/ice flags produced unclear disagreement in cloud identification.





4. Discussion


4.1. Band Tests in Cloud-Masking Algorithms


Given the inherent differences between MODIS and VIIRS sensors in sensor performance and band settings, the 36-channel MODIS offers the opportunity for multispectral approaches to cloud detection, while the VIIRS has a subset of these in 21 bands plus a day/night panchromatic band [71,72]. To produce the cloud mask, 16 out of 22 bands in VIIRS are utilized, while 22 out of 36 bands in MODIS are used [73].



The cloud-masking algorithms both in VIIRS and MODIS apply many ‘fuzzy logic’ tests to a pixel. A series of visible (VIS)/near-infrared (NIR) thresholds and ratio tests, as well as brightness temperature (BT) thresholds and brightness temperature difference (BTD) tests, were performed to determine whether a pixel is obstructed by a cloud or is cloud-free. The cloud detection band tests are categorized into five groups: IR and VIS/NIR reflectance threshold tests, BTD tests, and NIR and IR thin cirrus tests. These tests are grouped so that independence between them is maximized. When all the tests within a group have been performed, the minimum resulting confidence among them is considered to be representative of that group. A final step is to combine the group confidences, which are assumed to be independent, by multiplying them and taking the Nth root.



The band tests differences in the five test groups between MYD35 and VCM (Table 3) demonstrated that different numbers of bands and band combinations were utilized in cloud-masking algorithms. Therefore, MODIS and VIIRS may produce conflicting results for cloud cover in various scenarios.




4.2. Seasonality of Cloud Cover Difference


As mentioned above, the differences in cloud-masking algorithms result in discrepancies in cloud cover products, which further affect the consistency of snow cover products. Therefore, the improvement of cloud-masking algorithm consistency is crucial to the consistency of snow cover products.



However, the seasonal fluctuations in cloud cover difference are remarkable between VIIRS and MODIS in the three test regions (Figure 10). It is obvious that negative differences exist during the snow season (from October to March) and positive differences exist during the non-snow season (from April to September). This indicates that the existence and gradual increase in snow cover result in larger cloud cover differences between VIIRS and MODIS. It is unfeasible to develop a seasonally changing cloud identification algorithm in snow product production. The MODIS-VIIRS cloud-masking algorithm (MVCM) probably provides a feasible approach to maintain cloud cover consistency with VIIRS and MODIS and uses only the limited common bands in both sensors [67]. The MVCM algorithm is under development, and more extensive validation studies and improvements are needed to establish confidence in it. For MODIS, the strict cloud discrimination algorithm causes the product to capture less snow than VIIRS, which is able to distinguish clouds from snow with greater accuracy. Therefore, in order to assure the consistency of snow cover between VIIRS and MODIS, the better way is to learn from the cloud-masking algorithm of VIIRS and further improve the MODIS cloud detection algorithm, which is confused by snow seasonality.





5. Conclusions


This study extensively analyzed and evaluated the impact of cloud-masking algorithms on the consistency of snow cover products from VIIRS and MODIS. The important conclusions are as follows:




	(1)

	
Cloud cover condition strongly affects the potential of snow cover observation.




	(2)

	
Cloud cover presents seasonal patterns in NE, NW and QT regions.




	(3)

	
VIIRS presents higher performance than MODIS in cloud detection in the snow season.




	(4)

	
In particular, MODIS shows significantly more clouds than does the VIIRS product from November to March because of the clear sky conservative approach in MODIS. The usage of the cloud mask of VIIRS may produce acceptable performance in the consistency of the two snow cover products.









The comprehensive analysis of cloud-masking algorithms supports the reduction in the impact of cloud mask on the consistency of MODIS and VIIRS snow cover products. In the future, in order to ensure the consistency of snow cover between VIIRS and MODIS, perfecting the cloud-masking algorithm appears to be the best solution to improve snow classification accuracy. The optimization and usage of the VIIRS cloud-masking algorithm to update the MODIS would be a better choice in order to obtain a long time-series snow cover product. Additionally, a long time-series data should be performed to further investigate the relationship between cloud-masking algorithms and snow cover.
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Figure 1. Three test regions in China and their elevations. Three major snow cover regions in China, namely (a) Northwest China (NW), (b) Northeast China (NE) and (c) the Qinghai–Tibet Plateau (QT), are shown as yellow boxes on the left. On the right are elevation maps of the study areas. 
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Figure 2. The distribution of snow and cloud cover in MODIS (a) and VIIRS (b). (c) NDSI difference (VIIRS minus MODIS); the values are scaled by 100 and ‘NA’, meaning ‘not available’, represents neither VIIRS nor MODIS labeled as snow pixels. The three test regions NE (2020002), NW (2020038) and QT (2020047) are shown from top to bottom, along with the day of the year (DOY). 
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Figure 3. SCA with respect to VIIRS and MODIS in the snow season (1 December 2019 to 29 February 2020). The NE, NW and QT test regions are shown from top to bottom, respectively. 
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Figure 4. Scatter plots of daily SCPs in three test areas illustrating VIIRS with respect to MODIS in (a) the entire hydrological year and (b) the snow season. Each column represents the NE, NW and QT test regions from left to right. Avg. (VIIRS) represents the average SCP in VIIRS, and Avg. (MODIS) represents the average SCP in MODIS. The red line is the fitting line with the coefficient of determination (R2), and N is the number of days. 
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Figure 5. Scatter plots of daily CCPs in three test areas illustrating VIIRS with respect to MODIS in (a) the entire hydrological year and (b) the snow season. Each column represents the results in the NE, NW and QT regions from left to right. Avg. (VIIRS) represents the average CCP in VIIRS, and Avg. (MODIS) represents the average CCP in MODIS. The red line is the fitting line with the coefficient of determination (R2), and N is the number of days. 
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Figure 6. Scatter plots of daily no snow/no cloud cover percentage in three test regions illustrating VIIRS with respect to MODIS in (a) the entire hydrological year and (b) the snow season. Each column represents the results in the NE, NW and QT regions from left to right. Avg. (VIIRS) represents the average percentage of no snow/no cloud cover in VIIRS and Avg. (MODIS) represents the average percentage of no snow/no cloud cover in MODIS. The red line is the fitting line with the coefficient of determination (R2), and N is the number of days. 
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Figure 7. Snow and cloud cover distribution differences. (a) Snow cover distribution difference map, with the red color indicating snow in VIIRS only and the blue color showing snow in MODIS only. (b) Cloud cover distribution difference map, with the red color indicating clouds in VIIRS only and the blue color showing clouds in MODIS only. Three images were randomly chosen in the NE (2020002), NW (2020038) and QT (2020047) regions, shown from top to bottom. VIIRS (MODIS) represents the snow or clouds in VIIRS (MODIS) only. ‘Both’ represents snow or clouds in both products. 
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Figure 8. The confidence level distribution in (a) VIIRS and (b) MODIS. The test regions with DOY are shown from left to right: NE (2020002), NW (2020038) and QT (2020047). 
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Figure 9. The snow/ice flag distribution and difference in VIIRS and MODIS. The snow/ice flag is represented in white in (a) VIIRS and (b) MODIS; (c) difference map in snow/ice flags with legend shown below. The red color shows snow/ice flags in VIIRS only, blue shows those in MODIS only, white represents those in both VIIRS and MODIS and gray shows those in neither. The test regions and the DOY are shown from left to right: NE (2020002), NW (2020038) and QT (2020047). 
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Figure 10. The seasonal fluctuations of cloud cover difference by monthly averages (VIIRS minus MODIS) from September to August next year. 
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Table 1. Mean values of the accuracy indicators of snow cover consistency in three test regions across the entire hydrological year and snow season. Note: The raw NDSI values from 0 to 1 were used for calculations.
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Entire Hydrological Year

	
Snow Season




	
R

	
RMSE

	
mBIAS

	
R

	
RMSE

	
mBIAS






	
NE

	
0.55

	
0.063

	
−0.013

	
0.81

	
0.062

	
0.016




	
NW

	
0.64

	
0.083

	
0.040

	
0.77

	
0.064

	
0.016




	
QT

	
0.64

	
0.088

	
0.037

	
0.80

	
0.081

	
0.041
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Table 2. The OD and OA of snow cover under clear and cloudy sky conditions.
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Entire Hydrological Year

	
Snow Season




	

	
Under Clear Sky

	
Under Cloudy Sky

	
Under Clear Sky

	
Under Cloudy Sky




	

	
OD

	
OA (%)

	
OD

	
OA (%)

	
OD

	
OA (%)

	
OD

	
OA (%)






	
NE

	
0.9

	
99.1

	
10.4

	
89.6

	
1.6

	
98. 4

	
31.2

	
68.8




	
NW

	
1.8

	
98.2

	
11. 6

	
88.4

	
2.6

	
97.4

	
27.9

	
72.1




	
QT

	
2.8

	
97.2

	
11.1

	
88.9

	
3.4

	
96.6

	
19.2

	
80.8











[image: Table] 





Table 3. The differences in band tests between MYD35 and VCM. Note that ‘R’ represents the calibrated top of the atmosphere reflectance, while the numbers following the letters ‘BT’ and ‘R’ are the central wavelengths in µm.
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MYD35

	
VCM






	
Test group

(MODIS)

	
MYD35

	
Test group

(VIIRS)

	
VCM




	
Group 1

(Simple IR threshold test)

	
BT11

	
Group 1

(Emission threshold)

	
BT10.76




	
BT13.9

	




	
BT6.7

	




	
Group 2

(Brightness temperature difference)

	
BT8.6-BT11

	
Group 2

(Emission difference)

	
BT3.70-BT4.05




	
BT11-BT12

	
BT10.76-BT3.7




	
BT7.3-BT11

	
BT8.55-BT10.76




	
BT11-BT3.9

	
BT10.76-BT12.01




	
BT8.6-BT7.3

	




	
Group 3

(Solar reflectance tests)

	
R0.65 OR R0.86

	
Group 3

(Reflectance threshold)

	
R0.412




	
R0.86/R0.65

	
R0.672




	

	
R0.865




	

	
R0.865/R0.672




	
Group 4

(NIR thin cirrus)

	
R1.38

	
Group 4

(Reflectance thin cirrus)

	
R1.38




	
Group 5

(IR thin cirrus)

	
BT3.9-BT12

	
Group 5

(Emission thin cirrus)

	
BT10.76-BT12.01




	

	

	
BT3.70-BT12.01
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