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Abstract

:

The NOAA IMS (Interactive Multisensor Snow and Ice Mapping System) is a blended snow and ice product based on active and passive satellite sensors, ground observation, and other auxiliary information, providing the daily cloud-free snow cover extent in the Northern Hemisphere (NH) and having great application potential in snow cover monitoring and research in the Tibetan Plateau (TP). However, accuracy assessment of products is crucial for various aspects of applications. In this study, Landsat-8 OLI images were used to evaluate and validate the accuracy of IMS products in snow cover monitoring on the TP. The results show that (1) average overall accuracy of IMS 4 km products is 76.0% and average mapping accuracy is 88.3%, indicating that IMS 4 km products are appropriate for large-scale snow cover monitoring on the TP. (2) IMS 4 km products tend to overestimate actual snow cover on the TP, with an average commission rate of 45.4% and omission rate of 11.7%, and generally present that the higher the proportion of snow-covered area, the lower the probability of omission rate and the higher the probability of commission rate. (3) Mapping accuracy of IMS 4 km snow cover on the TP generally is higher at the high altitudes, and commission and omission errors increase with the decrease of elevation. (4) Compared with less regional representativeness of ground observations, the spatial characteristics of snow cover based on high-resolution remote sensing data are much more detailed, and more reliable verification results can be obtained. (5) In addition to commission and omission error metrics, the overall accuracy and mapping accuracy based on the reference image instead of classified image can better reveal the general monitoring accuracy of IMS 4 km products on the TP area.
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1. Introduction


Snow cover is a critical component of both the radiation balance and the hydrological cycle of the Earth system [1,2,3]. The high albedo of snow cover contributes to the suppression of surface air temperature by as much as 4 °C–8 °C compared with snow-free conditions [4,5,6]. By exerting a large-scale cooling effect, snow cover can have a significant impact on the global climate [7,8]. In addition, snow cover serves as a reservoir, which as it melts supplies a considerable amount of water for ecosystems, irrigation, and human consumption [9,10,11].



The Tibetan Plateau (TP), located in the mid-low latitudes of the Northern Hemisphere (NH), is a massive, elevated land on the Eurasia continent and central region of the High Mountain Asia. Snow cover is one of the major surface cover types on the TP with the largest seasonal variations [12,13]. Snow cover constitutes an important alpine environmental and ecological component of the plateau, and snowmelt plays a crucial role in the water supply in the plateau and downstream areas. Furthermore, snow cover affects regional and global climate change by its hydrological effect and the interaction between land surface and atmosphere, while snow cover anomalies on the TP have a strong link with the development of Asian monsoon systems [8,14]. However, excessive snowfall and long-term snow accumulation and duration often cause snow-related hazards for alpine grassland animal husbandry and road access, which has become one of major meteorologically induced hazards in the TP [13,15].



Fast, timely, and accurate snow cover information is essential to understand snow cover variations, water resources management, and snow-related hazard prevention and mitigation [16,17,18]. The in situ and remote sensing observations are two main ways to obtain information on snow cover on the ground. The in situ observations mainly depend on the meteorological station network. It provides high accurate data at point to small scales but has less spatial representativeness [19]. Satellite remote sensing is characterized by large spatial coverage, various spatial and temporal resolutions, low cost, and more consistency and has become the main approach for large-scale snow cover observations. In particular, in the mountain areas with complex terrain and difficult access, remote sensing technology has become the most effective approach to monitoring snow cover variations [17,18]. At present, there are three large-scale snow cover products available for snow cover monitoring from regional to global scales [20,21,22]. The first is optical snow cover products, e.g., MODIS (Moderate Resolution Imaging Spectroradiometer) series products. The second is passive microwave snow products, e.g., SMMR, SSM/I, AMSR-E, and other derivative products. The third is the blended snow cover product derived from various active and passive satellite data. The representative is the NOAA IMS (Interactive Multisensor Snow and Ice Mapping System) products.



IMS data are widely used in snow cover and snow phenology studies due to their high reliability and fine temporal resolution [23,24] and are prone to be more suitable to investigate the spatial distribution of snow cover. The agreement between IMS and ground-based measurements at the daily scale mostly ranges between 80 and 90% during the winter seasons [25]. The mapping accuracy of IMS products under all weather conditions was higher than the accuracy of Terra and Aqua MODIS daily composite products. The accuracy of the IMS is 40% higher than that of MODIS under various weather conditions [25]. IMS snow cover data are more accurate than passive microwave and MODIS snow cover products in China, and clouds make the optical remote sensing, such as MODIS, unable to exert its unique advantages in daily snow cover mapping [26]. The overall accuracy of the IMS is higher than 79% against Landsat TM images. The IMS snow cover product is suitable for larger-scale analysis and applications, with the advantage over MODIS of being able to detect snow over under cloudy conditions [27].



Snow cover on the TP is an important component of the NH cryosphere and can exist at higher-altitude regions throughout the seasons, becoming a unique feature in global snow cover maps [11,12,13]. The main challenge with operational snow cover monitoring from remote sensing in the TP is how to more effectively detect snow cover under cloudy weather. The spatial resolution of the MODIS daily snow product is much higher than that of IMS products, even though over half of daily MODIS images are seriously contaminated due to being covered by clouds. IMS products provide daily cloud-free snow and ice data in the NH, which are not only crucial for operational large-scale snow and ice detection but are also vital parameters for hazard monitoring, numerical weather prediction (NWP), and hydrological models and climate system research. IMS products have great potential for snow cover monitoring in the TP area. However, a systematic evaluation and validation of products is essential before use. Due to less spatial representativeness of ground-point observations, the high-resolution remote sensing data provide more detailed information regarding the spatial distribution of snow cover, and accuracy verification is more accurate and reliable through image-to-image comparisons.



Therefore, by using cloud-free images of Landsat-8 in the typical regions across the TP, the systematic evaluation and validation of IMS 4 km products is conducted in the study, and the spatial distribution and dependence of accuracy error and main causes are analyzed for the first time. The advantages and limitations of IMS 4 km products on the TP are further discussed. The study aims to better apply IMS products in snow cover monitoring on the TP for timely understanding of the spatial and temporal variations of snow cover and the products’ potential in cryospheric hazard prevention and mitigation.




2. Data and Methods


2.1. Study Area


As shown in Figure 1, the study area is the Tibetan Plateau (TP). As a major part of the global mountain regions, the TP is a vast high mountain region with an average altitude of over 4000 m a.s.l., located at the intersection of Central, South, and East Asia. The TP is surrounded by the Himalayas in the south and southwest, Karakorum Mountain in the northwest, western Kunlun and the Altun mountains in the north, Qilian Mountain in the northeast, and the Hengduan parallel mountains in the southeast. The interior of the TP is relatively flat, and the high mountain ranges include the Gangdise, Nyainqentanglha, eastern Kunlun, Tanggula, Bayan Har, and Anyemaqen [13]. Many large river systems in Asia, such as the Yangtze, Yellow, Yarlung Zangbo (upper Brahmaputra), Salween, Mekong, Ganges, and Indus, originated in the TP, which is known as “water tower of Asia” [28]. The TP is dominated by westerlies in the winter and by South and East Asian monsoons in the summer. Spring and autumn are transition seasons between winter and summer atmospheric circulations [13,29].




2.2. IMS Products


IMS snow and ice products are the longest time series of snow cover products developed by NOAA NESDIS (National Environmental Satellite Data Information Service Center) through the fusion of optical and microwave, active and passive sensor data from most available polar orbit and geostationary satellites and ground snow observation data [30]. IMS data have been available since the 1960s and provide daily the cloud-free snow and ice extent of the NH and have been widely used in snow and ice mapping, climate analysis, and operational weather forecasting models [31,32,33]. IMS real-time data can be downloaded for free from the U.S. National Ice Center (NIC) website, and historical data can be downloaded from the U.S. National Snow and Ice Data Center (NSIDC).



The polar azimuth projection centered on the North Pole was used in IMS products, and the data format includes ASCII, GIF, GeoTIFF, and NetCDF. The GeoTIFF format available from 2004 is more common in GIS and image-processing areas so that more users can access the products to conduct applications and research. The pixel values in the products represent different surface types: (1) represents ocean, (2) represents land, (3) represents sea and lake ice, and (4) represents snow cover. The NSIDC has archived IMS products with 24 km resolution since 1997 and 4 km resolution since February 2004. The resolution of IMS products has been further increased to 1 km since 2 December 2014. The IMS 4 km snow cover extent in the NH on 25 February 2018 is shown in Figure 2. The image processing procedure includes downloading IMS products with the GeoTIFF format from the NSIDC website and converting them to the ArcGIS GRID format and transforming the polar azimuth projection into the Albers projection and clip using the TP boundary.




2.3. Landsat-8 OLI Data


Landsat 8 is the eighth satellite of the Landsat series and was launched on 11 February 2013, including all bands of ETM+ sensors. Compared to the 8-bit data of TM and ETM+ sensors, the OLI data are 12 bits and can obtain a higher radiation accuracy and signal-to-noise ratio. Landsat 9, a partnership project of NASA and USGS and almost identical satellite of Landsat 8, was launched on 27 September 2021, and continues to record important earth observation data from space through the constellation of Landsat 8 and 9 [34].



All Landsat-8 data used in the study were downloaded from www.gscloud.cn and a total of 25 cloud-free Landsat-8 OLI images were used for the accuracy assessment of IMS products. The spatial distribution of 25 Landsat-8 images is shown in Figure 1.




2.4. Mapping Methods


The NDSI (Normalized Difference Snow Index) is the main method for mapping snow cover from remotely sensed data and has been used in various earth observation satellites, including the Landsat series [22,35,36]. NDSI values depend on the presence of snow in a pixel. Snow has very high visible (VIS) reflectance and very low reflectance in the shortwave infrared (SWIR), and these spectral signatures are used to detect snow on the ground and distinguish snow from cloud.



An NDSI-based NASA snow cover mapping algorithm (SNOMAP) is applied to generate MODIS global standard snow products [36,37]. Band 4 and band 6 are used to compute the MODIS NDSI, while corresponding bands for Landsat-8 OLI are band 3 and band 6, and NDSI can be calculated using following equation.


NDSI = [Band3 − Band6]/[Band3 + Band6]



(1)







Hall et al. [36] indicated that when the NDSI ≥ 0.40, snow cover on the surface can be identified well in satellite images, and most clouds on the images can also be screened, so the threshold for the NDSI is set to 0.40. On this basis, a reflectance of band 5 greater than 0.11 is used to remove the influence of water bodies on snow cover detection using the spectral signature of the low reflectance of water in the near-infrared band and the high reflectance of snow in this band since snow cover and water bodies often have similar NDSI values. The thresholds of the NDSI ≥ 0.40 and band 5 > 0.11 are used in this study for mapping snow cover from Landsat-8 images.



To retrieve the surface reflectance of satellite data, atmospheric correction is performed to remove the atmospheric effects from the satellite-measured signal. In this study, the Landsat-8 OLI image processing procedure is as follows. First, the raw data of OLI 1–7 images are radiometrically calibrated in ENVI 5.6.1 image-processing software, and the digital number (DN) of images is converted into the top-of-atmosphere (TOA) radiance. Second, the TOA radiance of each band is converted into the surface reflectance by using a FLAASH atmospheric correction module with a mid-latitude winter atmospheric model, a rural aerosol model, 4 km average elevation, and 40 km visibility. After obtaining the surface reflectance of bands 1 to 7, the NDSI can be calculated according to Equation (1) by using the reflectance values of bands 3 and 6. If the NDSI ≥ 0.40 and the reflectance of near-infrared band 5 > 0.11, this pixel is identified as snow; otherwise, it is identified as non-snow pixels.



Based on the image processing above, a Landsat-8 NDSI image with spatial resolution of 30 m is aggregated and is resampled to 1 km, and an IMS image on the same day is converted to UTM projection consistent with the NDSI images and is resampled to 1 km spatial resolution. Finally, the accuracy is evaluated according to the pixel values of two images, and the spatial distribution characteristics of accuracy error with elevation are analyzed by combining DEM (Digital Elevation Model) data with the same spatial resolution and projection coordinates.




2.5. Evaluation Methods


The error matrix is used for accuracy evaluation to compare IMS products and Landsat-8 snow cover images. In the binary snow cover images, the number of pixels with snow on both Landsat 8 and the IMS is set to A, the number of pixels with snow on Landsat 8 but no snow on the IMS is set to B, the number of pixels with no snow on Landsat 8 but snow on the IMS is set to C, and the number of pixels with no snow on both images is set to D. The final error matrix established is shown in Table 1.



Based on the error matrix, many evaluation metrics can be derived. Among these, overall accuracy (OA) is the ratio of the number of pixels with snow or no snow in both images to the total number of pixels. Producer’s accuracy (PA) or mapping accuracy refers to the ratio of the number of pixels with snow in both images to the total number of snow pixels in Landsat 8 images as the reference, also known as the recall rate. User’s accuracy (UA) refers to the ratio of the number of pixels with snow in both images to the total number of IMS snow pixels, also known as snow classification accuracy. Non-snow detection rate (NSDR) is the ratio of the number of snow-free pixels in Landsat 8 and IMS products to all snow-free pixels in the classification results.



In the error matrix, if there is snow or no snow in both images, it indicates that snow cover is correctly detected by the IMS. If both are inconsistent, it shows that the IMS has an error in snow cover detection. There are two different errors: omission error, missing snow when snow is present, and commission error, detecting non-snow features as snow, also referred to as the false alarm rate. The omission error (OE) is the ratio of the number of pixels with snow on Landsat 8 but no snow on the IMS to the total number of Landsat-8 snow pixels, while the commission error rate (CE) refers to the ratio of the number of pixels with no snow on Landsat 8 but snow on the IMS to the total number of no-snow pixels in Landsat 8 as reference images.


OA = (A + D)/(A + B + C + D) × 100



(2)






PA = A/(A + B) × 100



(3)






UA = A/(A + C) × 100



(4)






OE = B/(A + B) × 100



(5)






CE = C/(C + D) × 100



(6)






NSDR = D/(B + D) × 100



(7)







In addition to the metrics above, the kappa coefficient (Κ) is also used to evaluate the consistency between two images as a comprehensive metric. A kappa coefficient > 0.80 can be considered as high consistency between the map to be evaluated and the reference map, a kappa coefficient of 0.60–0.80 can be considered as excellent consistency between two maps, a kappa coefficient of 0.40–0.60 indicates medium consistency, a kappa coefficient of 0.20–0.40 indicates poor consistency, and a kappa coefficient < 0.20 indicates very poor consistency [38].





3. Results and Discussions


3.1. Accuracy Evaluation


In the study, the 25 cloud-free Landsat-8 OLI images across the TP during snow seasons from 2013 to 2019 were selected as reference data. The detailed information and spatial distribution of all images are given in Table 2 and Figure 1. In terms of imaging time, most of images were acquired in winter seasons with a total of 19 images, of which 13 images were acquired in January. In other snow seasons, the images obtained were 1–3 per month. In the TP, the highest number of snow cover days occurs during the winter season, and there are more clear-sky days over the plateau during the winter, which is favorable for snow cover monitoring from satellite observations [39]. The procedure of Landsat image processing is shown in Section 2.4. Landsat-8 NDSI images finally were compared with an IMS snow cover image on the same day with same projection and spatial resolution. The results of the first 10 images are shown in Figure 3, and the final accuracy evaluation results are shown in Table 2 and Figure 4 and Figure 5.



As can be seen from Table 2 and Figure 4, the overall accuracy of IMS 4 km products is high, with a minimum of 54.3% and a maximum of 93.9%. The average overall accuracy is 76.0%, and for most of the images, it is greater than 70%. Yang et al. used Landsat-5 TM to evaluate the accuracy of IMS 4 km snow products on the TP, and the results showed that overall accuracy reached 79.2% and its accuracy decreased with the decrease in snow depth; the commission errors were most common in forest areas; and IMS products are more suitable for large-scale snow cover detection and analysis and are not contaminated by clouds in comparison with MODIS daily products [27]. Chen et al. assessed the applicability of the IMS 4 km snow cover product in southern China based on the Landsat ETM+ images and found that there was a good agreement between snow cover images from IMS and Landsat ETM+ in plain terrain, such as agricultural land, with an average agreement of over 85%, whereas in forest and mountain areas, its accuracy is below 75%, and the IMS overestimates snow cover by over 50% [26]. In patchy snow-covered areas, the accuracy of the IMS 4 km product is even worse, and the overestimation of snow-covered areas is more obvious. Moreover, in the areas with complex terrain, the accuracy of snow cover detection is more problematic due to the coarse spatial resolution of the IMS and mixed pixels [26]. Table 2 also shows that mapping accuracy is higher than overall accuracy, with a minimum of 53.5%, a maximum of 99.5%, and an average of 88.3%. The user’s accuracy ranges from 29.7% to 96.0%, with an average of 62.3%, lower than the mapping accuracy and overall accuracy. The snow-free classification accuracy represented by the non-snow detection rate is very high, ranging from 31.8% to 98.4%, with an average of 84.9%.



In addition, the detection errors of IMS products on the TP are further investigated and are shown in Figure 5 and Table 2. The omission or missing errors indicate that the IMS did not correctly detect snow cover on the ground as represented by corresponding Landsat-8 images and the IMS missed snow cover on the ground. The lowest missing rate of IMS 4 km is 0.5%, which occurred on 12 January 2017, followed by 20 February 2014 and 19 January 2017, with a missing rate of 1.2% and 1.6%, respectively. The missing rate is less than 2% in three reference images, which means that snow cover in these reference images was almost effectively detected by the IMS. The maximum missing rate is 46.5%, which occurred on 8 January 2018, showing that nearly half of the snow-covered areas were missed by IMS detection, followed by 31.1% and 27.8%; that is, around one-third and one-quarter of snow cover on the reference images were missed and were not detected by the IMS. Average omission error rate of IMS 4 km was 11.7%. The commission errors mean that the IMS detects non-snow features as snow. The lowest commission error rate was on 10 April 2015, with 7.7%, followed by 9.7% on 11 November 2013, and the rest of commission errors were higher than 10%. The maximum commission error rate was 82.9%, which appeared on an IMS snow cover image on 19 January 2017, followed by 12 January 2017 with 82.1%, and the remaining was less than 80%. The average commission error rate is 45.4%, which is 33.7% higher than the average omission error rate. The study also found that commission errors were obviously higher than omission errors for IMS snow cover products [32].



In addition to the indicators above, the kappa coefficient is one of the commonly used indicators to express classification accuracy. As presented in Table 2, the minimum kappa coefficient between images of IMS 4 km and Landsat 8 is 0.1440, and the remaining are all greater than 0.2. There are 13 pairs of images with a kappa coefficient less than 0.4, and the kappa coefficient of the remaining 12 pairs of images is greater than 0.4, accounting for around half of the pairs of images to be evaluated. The maximum kappa coefficient is 0.8763, followed by 0.6863, which are two pairs of images with a kappa coefficient greater than 0.6. The average kappa coefficient of 25 image pairs is 0.3942, indicating that agreement between the IMS 4 km snow cover and Landsat-8 reference images is reasonable.



The IMS 4 km detection errors show that the average commission error rate is obviously higher than the omission error rate. The former is 45.4%, and the latter is 11.7%, with a difference of 33.7%, which means that the IMS product overestimates actual snow cover on the surface. The overall accuracy and mapping accuracy of IMS 4 km products are high, but the kappa coefficient is low, which is mainly attributed to the high commission error rate of IMS 4 km products. By comparing IMS 4 km and MODIS products, it was found that the IMS relatively overestimates the actual snow-covered area. The main reason is that due to low resolution of the IMS, the ability to detect patchy snow cover on the ground is limited, and the commission error rate is higher than the omission error rate [40]. The coarse remote sensing data do not represent well the detailed information of patchy snow cover on the TP and, instead, just consider such areas as completely snow covered, resulting in overestimating the surface snow cover [41,42,43].



The studies conducted in North America show that the IMS overestimates the actual snow cover and the commission error rate is higher than omission error rate [25,44], which is consistent with the conclusions from this study. Furthermore, even though multi-source data and a manual mapping method are used, the accuracy of IMS snow products still remains uncertain under thick cloud conditions. When clouds cover the ground for several successive days, the IMS produces a current snow cover map in the NH through updating snow cover information of the previous day. As a result, the IMS often overestimates the snow cover on the surface in some regions [31].




3.2. Impact of Snow-Covered Area on Accuracy Evaluation


The fifth column of Table 2 shows the percentage of snow-covered area (snow pixels) in the total image area (all pixels) in Landsat-8 NDSI images. The snow-covered areas of 25 images account for 14.6–95.1%. In order to find out the impact of snow-covered areas of reference data on IMS accuracy, a simple linear correlation analysis was carried out between the proportion of snow-covered areas (PSCA) and accuracy evaluation metrics, and results are shown in Table 3. There is a very significant positive relationship between the PSCA and user’s accuracy and commission error rate, a very significant negative relationship between the PSCA and missing rate, and a significant positive correlation between the PSCA and mapping accuracy. It shows that the larger the snow cover extent in Landsat-8 images, the higher the snow detection ability of IMS products, the greater the probability of false detection, and the lower the probability of a missing rate. The larger snow cover extent in Landsat-8 images means that snow cover on the surface is more continuous, which is more suitable for the IMS to effectively monitor snow cover on the ground. At the same time, the probability of a commission error is higher, while the missing rate is less accordingly. There is a very significant negative and positive linear correlation between the PSCA and the missing and commission error rate, indicating that the larger the snow cover area in Landsat-8 images, the less the missing rate, and the higher the commission rate. That is to say, the higher the proportion of snow cover in the reference images, the lower the probability of missing snow detection by the IMS, and the higher the probability of false snow detection by the IMS. A very significant negative relationship exists between the PSCA and the snow-free detection rate, which indicates that the monitoring accuracy of IMS products for non-snow cover features decreases with the increase in snow-covered areas in the reference images.



In comparison with significant linear relationships for non-snow cover features, there is no significant linear correlation between the PSCA and overall accuracy, which means that there is no obvious impact of the PSCA on overall accuracy for IMS snow cover monitoring. Therefore, given the impact of snow-covered areas in the reference images on evaluation accuracy, when validating coarse-resolution snow cover products using high-resolution satellite data, it is important to select the representative cloud-free high-resolution images with the relatively average distribution of snow and snow-free areas on the surface as ground truth data.




3.3. Relationships between Metrics


The intercorrelations between accuracy evaluation metrics are shown in Table 3. It is clear that there is a very significant positive and negative linear relationship between the kappa coefficient and the overall accuracy and commission error rate, respectively, indicating that a higher kappa coefficient means a higher overall accuracy and a lower error of false detection by IMS 4 km products for snow cover monitoring. In seven metrics, as shown in Table 3, there is a very significant positive and obvious negative relationship between the overall accuracy and user’s accuracy and commission error, which means that the higher the overall accuracy, the higher the user’s accuracy and the lower the commission error rate of IMS snow products. Significant positive and negative relationships exist between the mapping accuracy and the commission error rate and omission error rate, respectively, and a significant positive relationship with user’s accuracy occurs. It indicates that the higher the mapping accuracy, the lower the missing rate and the higher the false detection rate of IMS snow products. Similar to the producer’s accuracy above, in addition to significant positive relationships between the user’s accuracy and overall accuracy/mapping accuracy, there are significant positive and negative relationships between the user’s accuracy and the commission error and missing error rate, respectively, which shows that the higher the user’s accuracy, the lower the missing rate and the higher the false detection rate of IMS snow products. The negative relationship between the non-snow detection rate and the false detection rate is statistically significant, showing that high snow-free classification accuracy means a lower probability of commission errors for IMS products due to much fewer snow-covered areas. Additionally, when comparing snow cover on the surface detected by the IMS with Landsat-8 images as references, a very significant negative correlation exists between the omission and commission error rates, which means that the higher the omission error rate, the lower the commission error rate in general and vice versa. How to reduce these two errors as much as possible and balance the two errors more effectively are fundamental to improve the accuracy of snow cover monitoring from satellite observations.



Selecting appropriate evaluation metrics is important to evaluate snow cover products and their practical applications, which is of great importance to improve the accuracy of snow cover products. From the analysis above, it is concluded that in addition to the omission and commission errors, the overall accuracy and mapping accuracy (PA or recall rate) based on the high-resolution reference images instead of classified images can better reflect the general accuracy of snow cover products for evaluating the accuracy of low–medium resolution snow cover products using high-resolution satellite data.




3.4. Spatial Dependence of Evaluation Accuracy


The accuracy evaluation of IMS 4 km products on the TP based on Landsat-8 OLI images shows that the average commission error rate is 45.4% and the average omission error rate is 11.7%. IMS 4 km products tend to overestimate snow cover on the ground. The accuracy of IMS 4 km products varies greatly in different regions in the TP based on the 25 Landsat-8 images, with the omission error rate ranging from 0.5% to 46.5% and the commission error rate ranging from 7.7% to 82.9%. In order to analyze spatially the topographic dependence of the evaluation accuracy of IMS 4 km products in the TP, two images with the highest commission errors and omission errors were selected from the IMS products from Table 2 and were compared with corresponding Landsat 8 images, and the spatial distribution characteristics and causes of detecting errors were examined in combination with DEM data. The SRTM (Shuttle Radar Topography Mission) DEM released by the USGS EROS (Earth Resources Observation and Science Center) was used. The original spatial resolution of the SRTM DEM is 90 m, which is resampled to 1 km spatial resolution consistent with the IMS 4 km and Landsat-8 snow cover map.



The highest omission error rate of IMS 4 km snow cover images occurred on 8 January 2018, with a 46.5% missing rate and a 23.1% commission error rate, while the overall accuracy was 70.6%. The mapping accuracy was the lowest among all images at 53.5%. The spatial distribution of accuracy errors of the IMS 4 km image is shown in Figure 6a. A total of 5357 snow pixels were correctly detected by the IMS, 4652 snow pixels were missed by the IMS, while a total of 6242 snow-free pixels were mistakenly detected as snow pixels by the IMS, and non-snow pixels both in IMS and Landsat-8 images is 20,815 in total. According to Figure 6a and DEM data, most of the snow-covered pixels both in Landsat and the IMS are located in the northwest and southeastern corners with higher elevation, whereas snow pixels in Landsat and non-snow pixels in the IMS are mainly in the surrounding area of snow-covered pixels. Snow pixels in the IMS and snow-free pixels in Landsat as commission errors are mainly distributed in the north and south with lower elevations. The snow-free pixels both in Landsat and the IMS are mainly distributed in the broad central region of the image where the elevation is relatively lower. The hypsographic curve in Figure 6b shows the accuracy error with a 100 m interval of elevation. The lowest elevation of snow-covered pixels both in Landsat and the IMS is 3638 m, the highest elevation is 5728 m, and the average elevation is 4625 m. Most of the snow pixels are located in the area above 4500 m, accounting for 50.1% of all snow-covered pixels both in Landsat and the IMS. The lowest elevation of pixels with snow in Landsat but no snow in the IMS is 3236 m, with a highest point of 5480 m and an average elevation of 4520 m. The total area above 4500 m accounts for 37.0% of all pixels missed by IMS detection. The lowest elevation of pixels with no snow in Landsat but snow in the IMS is 2981 m, with a highest point of 5425 m and an average elevation of 4332 m. The total area with above 4500 m of elevation is 16.1% of all pixels falsely detected as snow by the IMS. The lowest point of snow-free pixels both in Landsat and the IMS is 2786 m, with a highest elevation of 5333 m and an average elevation of 4144 m. The total area above 4500 m accounts for 5.0% of all snow-free pixels both in Landsat and the IMS.



As analyzed above, it is clear that the average elevation of pixels with snow both in Landsat and the IMS is the highest, followed by pixels with snow in Landsat but non-snow in the IMS, while the average elevation of snow-free pixels both in Landsat and the IMS is the lowest. The main reason is that in the TP the higher altitudes are not only more favorable for snowfall due to the orographic effect, but the higher altitudes also make snow cover on the ground more stable and less patchy due to lower temperatures, which results in a higher mapping accuracy metric for satellite-based remote sensing products such as the IMS. The massive high mountain topography of the TP is the main condition for the presence and persistence of snow cover on the plateau at the mid–low latitudes of the NH [12,13,18]. Snow cover on the TP shows strong elevation dependence: the higher the altitude, the higher the snow cover frequencies, the longer the snow cover duration, and the more stable the intra-annual variation [13]. At higher elevations, the increase in precipitation appears to compensate for the increase in air temperature such that the snow-free period has decreased [45]. However, snow cover at lower altitudes can persist for a shorter duration and makes snow easier to be fragmented and melt due to higher temperatures, causing snow cover on the ground to be more likely to be missed or falsely identified by IMS products, eventually increasing snow detection errors. Snow cover on the TP shows altitudinal dependence and the length of the snow-covered season appears to be decreasing at lower elevations because of the increase in air temperatures [12,13], while snow cover distribution is generally temperature-driven at low altitudes [45].



The highest commission error rate occurred on January 19, 2017, with up to 82.9%, while its overall accuracy and kappa coefficient are the lowest in all images, with 54.3% and 0.1440, respectively. Based on DEM data, the spatial distribution of accuracy errors and main causes were analyzed. As given in Figure 7a, the snow-covered pixels both in Landsat and the IMS is 1671, most of which are located in the central image. IMS products failed to detect 265 snow-covered pixels in the Landsat image, which covers a small area in the north of the image. There is a large area where there was not snow in the Landsat but snow in the IMS image, which is mainly located in the north and south of image, with a total number of pixels of 16,714 and a commission error rate that is the highest in the 25 images. Total snow-free pixels both in Landsat 8 and IMS images is 3437, which are mainly distributed in the north of image.



The accuracy error of the IMS 4 km product with a 100 m interval of elevation is shown in Figure 7b. The lowest elevation of snow-covered pixels both in Landsat and the IMS is 4014 m, with a highest elevation of 5399 m and an average elevation of 4610 m. Most of these pixels are located in areas above 4500 m, accounting for 63.3% of all snow pixels both in Landsat and the IMS. The lowest elevation of pixels with snow in Landsat but no snow in the IMS is 4244 m, with a highest point of 5150 m and an average altitude of 4600 m. The area above 4500 m accounts for 61.9% of all pixels missed by the IMS. The lowest elevation of pixels with no snow in Landsat but snow in the IMS is 3892 m, with a highest altitude of 5389 m and an average altitude of 4560 m. The area with above 4500 m accounts for 67.3% of all pixels. The lowest altitude of snow-free pixels both in Landsat and the IMS is 4167 m, with a highest point of 5176 m and an average altitude of 4482 m. The area above 4500 m is 40.9% of all snow-free pixels.



It is evident that the average elevation of snow-covered pixels both in Landsat and the IMS, as snow cover pixels correctly detected by IMS products, is the highest, with the highest maximum altitude among evaluation metrics, followed by the average altitude of all pixels that were missed and falsely detected by the IMS, respectively, whereas the average elevation of snow-free pixels both in Landsat and the IMS, as snow-free areas correctly detected by IMS products, is the lowest among different metrics. Snow cover on the TP is strongly associated with terrain features with longer duration in the high mountains and shorter duration in the vast interior and river valleys of the TP. The higher snow cover frequency corresponds well with the huge mountains [13,21]. The elevation is one of the major factors affecting the accuracy of IMS snow cover monitoring in the TP. In terms of mapping accuracy and non-snow detection, it generally presents that the higher the elevation, the higher the mapping accuracy for satellite remote sensing, while the lower the elevation, the higher the accuracy of snow-free detection by satellite remote sensing. However, there is no obvious relationship between overall accuracy and elevations since the accuracy of snow-free detection is involved in the overall accuracy.



Snow cover distribution depends on the terrain height on the TP, and the duration of snow persistence varies in different elevation ranges and generally becomes longer with increases in the terrain elevation [3,45,46]. The higher altitude is more favorable to persistence, spatial integrity, and stability of snow cover on the ground due to lower temperatures, and mapping accuracy tends to increase. On the contrary, at lower altitudes, the higher temperatures are more likely to cause snow melting and snow being more fragmented spatially, leading to an increasing rate of missing and false detection of snow cover on the surface by satellite remote sensing, while in areas with much lower altitudes, a much higher temperature may lead to rapid snow melting or snow-free areas being dominant, which mainly presents snow-free features on the ground and can be represented by a snow-free detection metric.



In a word, the mapping accuracy of IMS 4 km products on the TP area is generally higher at higher altitudes. With a decrease in altitudes, the spatial distribution of snow cover on the ground tends to be patchy and fragmented, which is more likely to cause an increase in missing and false detection rates for snow cover monitoring. Since snow-free detection is involved in the overall accuracy metric and the high probability of a snow-free area generally is in the river valley and basins at the lower altitudes, there are no elevation dependences for the overall accuracy metric in the TP area.





4. Conclusions


In this study, the accuracy of IMS 4 km products for snow cover monitoring on the TP is evaluated using Landsat-8 OLI snow cover images, and the spatial distribution and dependence of accuracy error and main factors are analyzed for the first time. The main conclusions drawn are as follows:




	(1)

	
The overall accuracy of IMS 4 km products is relatively high, ranging from 54.3% to 93.9%, with an average accuracy of 76.0%. Average mapping accuracy and snow-free detection accuracy are 88.3% and 84.9%, respectively. IMS 4 km products are applicable for large-scale snow cover detection on the TP.




	(2)

	
The average omission error is 11.7%, and the commission error is 45.4%. IMS 4 km products overestimate snow cover on the TP and generally present that with an increasing proportion of snow-covered areas, the probability of omission errors tends to decrease while the probability of commission errors tends to increase. Therefore, when evaluating the accuracy of low- to medium-resolution snow cover products using high-resolution satellite images, it is important to select typical cloud-free images in which snow and snow-free areas are more averagely distributed as reference data.




	(3)

	
Elevation is one of the important factors that affect the accuracy of IMS products on the TP, and the mapping accuracy of IMS 4 km products on the TP is elevation-dependent in general, which presents that mapping accuracy is higher at higher-altitude areas, while the missing and false detection rates tend to increase with a decrease in elevation.




	(4)

	
At present, the spatial resolution of IMS snow and ice products has been improved to 1 km. However, there is still a challenge to reduce detection errors and uncertainties of IMS products on the TP due to patchiness and the rapid change of snow cover on the TP. As compared to IMS products as the binary data, the fractional snow cover is a more useful measure of snow cover and can more accurately represent the actual snow cover on the surface. Therefore, it is very important to use fractional snow cover products with higher spatial and temporal resolution to monitor and study snow cover variations in the TP so as to better reveal the spatial distribution and temporal evolution characteristics of snow cover on the TP.
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Figure 1. Study area and location of Landsat-8 OLI images selected for validation. The background image is snow cover extent from IMS 4 km products on 25 December 2018. 
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Figure 2. IMS 4 km snow cover extent in the NH on 25 February 2018. 
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Figure 3. First 10 Landsat-8 band 6-3-2 composite images (a1,a2) and corresponding snow cover maps at 1 km spatial resolution of Landsat-8 (b1,b2) and IMS (c1,c2) in row. The date, path, and row of Landsat-8 OLI images are shown at the top of images. 
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Figure 4. Overall accuracy of IMS 4 km products on the TP based on Landsat-8 images. 
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Figure 5. Omission and commission errors of IMS 4 km products on the TP based on Landsat-8 images. 
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Figure 6. (a) Spatial distribution of accuracy errors of IMS 4 km products on 8 January 2018. (b) Accuracy errors of IMS 4 km products along with elevations on 8 January 2018. 
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Figure 7. (a) Spatial distribution of accuracy errors of IMS 4 km products on 19 January 2017. (b) Accuracy errors of IMS 4 km products along with elevations on 19 January 2017. 
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Table 1. Error matrix of accuracy evaluation.
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IMS




	
Landsat-8 OLI

	

	
Snow

	
Non-snow

	
Total

	
Producer’s Accuracy




	
Snow

	
A

	
B

	
A + B

	
A/(A + B)




	
Non-snow

	
C

	
D

	
C + D

	




	
Total

	
A + C

	
B + D

	
A + B + C + D

	




	
User’s Accuracy

	
A/(A + C)

	

	

	











 





Table 2. Results of accuracy assessment of IMS 4 km products based on Landsat-8 images.
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Image

No.

	
Imaging

Date

	
Path

	
Row

	
PSCA

/%

	
OE

/%

	
CE

/%

	
NSDR

/%

	
UA

/%

	
PA

/%

	
OA

/%

	
K






	
L1

	
20March2014

	
147

	
36

	
72.7

	
5.9

	
56.6

	
73.6

	
81.6

	
94.1

	
80.3

	
0.4309




	
L2

	
3January2018

	
146

	
35

	
24.7

	
9.3

	
43.1

	
94.9

	
40.9

	
90.7

	
65.3

	
0.3382




	
L3

	
29March2014

	
146

	
37

	
47.1

	
15.7

	
37.1

	
81.8

	
66.9

	
84.3

	
73.0

	
0.4656




	
L4

	
16December2013

	
145

	
36

	
14.6

	
21.6

	
13.8

	
95.9

	
49.3

	
78.4

	
85.1

	
0.5192




	
L5

	
10April2015

	
145

	
39

	
45.7

	
4.4

	
7.7

	
96.2

	
91.3

	
95.6

	
93.8

	
0.8763




	
L6

	
19January2014

	
143

	
35

	
19.4

	
5.5

	
20.2

	
98.4

	
52.9

	
94.5

	
82.7

	
0.5721




	
L7

	
28January2014

	
142

	
37

	
30.3

	
21.8

	
42.2

	
85.9

	
44.6

	
78.2

	
64.0

	
0.2970




	
L8

	
20February2014

	
143

	
39

	
74.2

	
1.2

	
75.0

	
88.2

	
79.1

	
98.8

	
79.8

	
0.3107




	
L9

	
24January2015

	
141

	
40

	
57.2

	
7.6

	
49.9

	
83.1

	
71.2

	
92.4

	
74.3

	
0.4470




	
L10

	
11November2013

	
140

	
40

	
17.7

	
13.1

	
9.7

	
97.0

	
65.9

	
86.9

	
89.7

	
0.6863




	
L11

	
13February2019

	
140

	
37

	
15.6

	
31.1

	
30.0

	
92.4

	
29.7

	
68.9

	
69.8

	
0.2527




	
L12

	
6January2017

	
140

	
35

	
68.4

	
3.8

	
77.6

	
73.2

	
72.8

	
96.2

	
72.9

	
0.2287




	
L13

	
1January2017

	
137

	
34

	
16.0

	
10.8

	
21.6

	
97.5

	
43.9

	
89.2

	
80.1

	
0.4769




	
L14

	
1January2017

	
137

	
37

	
65.3

	
4.1

	
73.3

	
77.8

	
70.8

	
95.9

	
71.7

	
0.2660




	
L15

	
18December2014

	
138

	
38

	
95.1

	
2.3

	
78.8

	
31.8

	
96.0

	
97.7

	
93.9

	
0.2239




	
L16

	
8January2017

	
138

	
39

	
19.6

	
17.1

	
20.3

	
95.0

	
49.9

	
82.9

	
80.3

	
0.5008




	
L17

	
16March2014

	
135

	
40

	
23.4

	
27.8

	
16.0

	
90.8

	
58.0

	
72.2

	
81.3

	
0.5179




	
L18

	
3April2018

	
136

	
39

	
65.7

	
10.4

	
71.3

	
62.4

	
67.6

	
89.6

	
66.7

	
0.2051




	
L19

	
21January2015

	
136

	
38

	
69.4

	
5.9

	
67.7

	
70.6

	
75.9

	
94.1

	
75.2

	
0.3112




	
L20

	
4February2017

	
135

	
38

	
31.0

	
13.5

	
34.8

	
91.5

	
52.7

	
86.5

	
71.8

	
0.4392




	
L21

	
8January2018

	
133

	
38

	
27.0

	
46.5

	
23.1

	
81.7

	
46.2

	
53.5

	
70.6

	
0.2900




	
L22

	
12January2017

	
134

	
37

	
83.5

	
0.5

	
82.1

	
87.5

	
86.0

	
99.5

	
86.0

	
0.2555




	
L23

	
19January2017

	
135

	
36

	
45.7

	
1.6

	
82.9

	
92.8

	
50.0

	
98.4

	
54.3

	
0.1440




	
L24

	
5January2017

	
133

	
36

	
35.0

	
3.2

	
32.7

	
97.5

	
61.4

	
96.8

	
77.6

	
0.5651




	
L25

	
11February2018

	
131

	
38

	
45.5

	
6.9

	
68.3

	
84.7

	
53.2

	
93.1

	
59.6

	
0.2338




	
Average

	
44.4

	
11.7

	
45.4

	
84.9

	
62.3

	
88.3

	
76.0

	
0.3942











 





Table 3. Intercorrelations between evaluation metrics and snow-covered area ratio.
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	OE
	CE
	NSDR
	UA
	PA
	OA
	K
	PSCA





	OE
	1.00
	
	
	
	
	
	
	



	CE
	−0.56 b
	1.00
	
	
	
	
	
	



	NSDR
	0.18
	−0.60 b
	1.00
	
	
	
	
	



	UA
	−0.60 b
	0.42 c
	−0.55 b
	1.00
	
	
	
	



	PA
	−1.00 a
	0.56 b
	−0.18
	0.60 b
	1.00
	
	
	



	OA
	−0.14
	−0.36
	−0.09
	0.56 b
	0.14
	1.00
	
	



	K
	0.02
	−0.80 a
	0.51 b
	0.11
	−0.02
	0.63 a
	1.00
	



	PSCA
	−0.59 b
	0.83 a
	−0.75 a
	0.83 a
	0.59 b
	0.11
	−0.45 c
	1.00







Note: c represents p < 0.05; b represents p < 0.01; a represents p < 0.001.
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