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Under the backdrop of climate warming and changes in snow cover area, the spatial fragmentation characteristics of snow cover need to be studied in depth. In this study, we analyzed the spatial and temporal change patterns of the snow cover area and explored the changing characteristics of its spatial fragmentation in Northeast China from 1980 to 2019 using the “China AVHRR Daily Cloudless 5 km Snow Area Product Dataset.” The findings indicate that the mean stable snow cover area in Northeast China from 1980 to 2019 was 79.41 × 104 km2 (±14.47 × 104 km2), with no significant changes observed since the 1980s. However, compared to the 1980s, mountainous areas such as the Changbai Mountain and Lesser Khingan Mountain regions were identified as the main areas of snow cover recession. The mean patch size (MPS), largest pach index (LPI) and patch size coefficient of variation (PSCV) for spatial fragmentation from 1980 to 2019 showed the following rates of change of −1.06 × 104 km2/10 a (p < 0.05), −1.04%/10 a (p > 0.05), and 71.6%/10 a (p < 0.05), respectively. The spatial continuity of snow fragmentation in Northeast China has significantly increased, with fragmentation showing significant growth. From 2010 to 2019, the spatial fragmentation of snow cover in Northeast China increased by 50% compared to the 1980–1989 period. This paper suggests that the increase in temperature is the major factor leading to the fragmentation of snow cover. The main contribution of this paper is the analysis of the change characteristics of the spatial fragmentation in regional snow cover.
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1 INTRODUCTION
Snow cover is considered a key indicator of climate change because of its high albedo and low thermal conductivity, which affect surface radiation equilibrium, and it is highly sensitivity and responds rapidly to environmental changes (Déry and Brown, 2007; Fu et al., 2017). Thus, snow cover plays a key role in the global climate system. It has been pointed out that climate change on any scale will lead to fluctuations in snow resources (Li, 1999), and the impact of climate on snow cover will be reflected first and foremost in changes in the snow cover area (Bulygina et al., 2009).
Currently, the world is heading toward 2–3°C of global warming (Armstrong McKay et al., 2022). Under climate warming, researchers have concluded that the multi-year average snow cover area in the Northern Hemisphere has decreased by approximately 7% since the 1970s (Barry and Gan, 2011), exhibiting a significant decreasing trend (Zhang et al., 2019; Hernándezhenríquez et al., 2015). Since the beginning of the 21st century, research has shown a decline in snow cover area in the Arctic, with the rate of decline significantly accelerating (Mohammadzadeh Khani et al., 2022; Woo and Young, 2014; Thoman et al., 2020). The study of snow in China is mainly distributed across three stable snow cover areas (North Xinjiang, Northeast China, and Qinghai–Tibet region). Some researchers believe that the snow cover area in the Qinghai–Tibet region has decreased significantly (Huang et al., 2017; Huang et al., 2023). The snow cover area in northern Xinjiang, China, has exhibited clear periodicity, with an overall decreasing trend (Ke and Liu, 2014; Zhao et al., 2021). In addition, the snow cover area in Northeast China has remained relatively stable (Li et al., 2020; Chen and Zhao, 2020). Changes in snow cover area are not only reflected in changes in net snow cover area and spatial coverage but also inevitably lead to changes in landscape patterns. The spatial heterogeneity of temperature change and the influence of human activities may exacerbate the degree of spatial fragmentation of snow cover to a certain extent. Currently, there are not many studies on the spatial fragmentation of snow cover, and the interactions between spatial changes in snow cover and the characteristics of snow cover landscape patterns remain largely unexplored. Zhang et al. (2016) pointed out that since the 1960s, Northeast China has become the region with the greatest spatial variation in snow cover in China. Therefore, this paper analyzes the spatial and temporal distribution and change characteristics of the snow cover area and evaluates a specific combination of snow cover area change and fragmentation in Northeast China. This study can explain the changes in spatial fragmentation of snow cover in Northeast China, deepen the study of spatial changes in snow cover under climate warming, and provide scientific references for regional snow cover economic development and regional ecological security.
2 MATERIALS AND METHODS
2.1 Overview of the study area
Northeast China is the second-largest stable snow cover region in China and one of the five stable snow cover regions in Eurasia (Shi et al., 2000). It is located between 115°05′–135°02′E and 38°40′–53°34′N, encompassing the Heilongjiang, Jilin, and Liaoning provinces, along with four municipalities in eastern Inner Mongolia (Hulun Buir, Hinggan League, Tongliao, and Chifeng). The western and northwestern parts are dominated by the Greater Khingan Range, while the eastern and southeastern parts are characterized by the Lesser Khingan Mountains and Changbai Mountain, covering a total area of approximately 124.19 × 104 km2 (Figure 1). This region experiences a temperate continental climate, with an average annual precipitation of approximately 519 mm and an average annual temperature range from −5°C to 11°C. It is known for having the widest range of stable snow cover and the largest average snow depth in China, with an annual cumulative snow depth of 498 cm, and the snow cover period in this region ranges from 30 to 190 d (Zheng et al., 2022). The region is distinguished from other snow areas by its large annual average snow reserves and the most obvious inter-annual variability (Che and Li, 2005).
[image: Figure 1]FIGURE 1 | Study area.
2.2 Data sources
The China AVHRR Daily Cloudless 5 km Snow Area Product Dataset is provided by the National Cryosphere Desert Data Center (NCDC, http://www.ncdc.ac.cn/ (accessed on 28 March 2023; the time span is from 1 July 1980 to 30 June 2020, with a total of 14,610 raster images)). This product focuses on snow distribution area across China and is derived from the AVHRR CDR SR product using a multi-level decision tree classification method combined with a vacancy-filling algorithm, such as the spatio-temporal interpolation algorithm of the hidden Markov random field model, to remove cloud effects from products. A comprehensive validation conducted by Hao et al. (2021), with reference to ground snow-depth measurements during the snow seasons in China, revealed an overall accuracy of 87.4%, producer’s accuracy of 81.0%, user’s accuracy of 81.3%, and a Cohen’s kappa (CK) value of 0.717.
2.3 Sample collection and determination of chronology
2.3.1 Calculation of snow cover area
First, the hydrological year is defined as beginning on the 1st of July of one year and ending on the 30th of June of the following year (Chen and Li, 2011). Then, format conversion was conducted on the snow cover data, where the snow grids were uniformly assigned a value of 1 and the snow-free grids were assigned a value of 0. After cropping using ArcGIS, the daily snow cover area data for Northeast China were obtained.
The SCA is defined as the snow cover area on a given day obtained by counting the number of snow cover pixels in the daily image and multiplying by the size of the grid pixels. Calculate using Equation 1:
[image: image]
where SRaster is the sum of the number of pixels with snow in the daily image and ARaster is the area of a single pixel.
In terms of the stable snow cover area, a grid is considered part of the stable snow cover area when the number of snow cover days exceeds 60 days. If the multi-year average of snow cover days in a grid is more than 60 days per year, it is considered a multi-year stable snow cover area (Li and Mi, 1983). The daily snow grids are superimposed to generate the monthly snow grids. If the snow covers more than 10% of the grid during the month, the grid is considered stable, and if the average number of snow cover occurrences over multiple years exceeds 10% of the total days in a month (3 days), it is considered to be a multi-year stable snow grid.
2.3.2 Mean patch size
The mean patch size (MPS) represents the average condition that characterizes the spatial fragmentation of the snow cover distribution. The smaller the value at the patch level, the greater the landscape fragmentation. The greater the value, the smaller the landscape fragmentation (Qiu et al., 2019; Xu et al., 2018). Calculate using Equation 2:
[image: image]
where A is the total snow cover area and N is the total number of snow cover patches.
2.3.3 Largest patch index
The largest patch index (LPI) is used to asses fragmentation and dominance, with an interval of values 0 <LPI ≤ 100. The closer the LPI value to 100, the lower the fragmentation and the higher the dominance of the land cover (Nurwanda et al., 2016). Calculate using Equation 3:
[image: image]
where ni is the largest snow cover area and N is the total area of snow cover patches.
2.3.4 Patch size coefficient of variation
Patch size coefficient of variation (PSCV) is a statistical measure used to assess the relative dispersion of patch sizes (Niu et al., 2022). Calculate using Equation 4:
[image: image]
where PSSD is the standard deviation of patch sizes and MPS is the mean patch size.
We use Fragstats 4.1 to calculate SCA, MPS, LPI, and PSCV.
2.3.5 Mann–Kendall test
The Mann–Kendall (M–K) test, as a non-parametric trend test method, is widely used in the trend significance tests of long time-series data. The M–K test does not require the measured values to obey the normal distribution and is not affected by missing values and outliers (Mann, 1945; Kendall et al., 1948). In this study, the confidence level of 95% (α = ± 1.96) was used to evaluate the significance of trend and correlation, UFi is a standard normal distribution, which is a sequence calculated according to time-series x order x1, x2, …, xn. UBi is the inverse sequence of the time series. If the values of UF and UB are greater than 0, then the sequence shows an upward trend; values below 0 indicate a downward trend. When the value exceeds the critical line, this indicates that the rising or falling trend is significant. The range beyond the critical line is defined as the time zone of mutation. If the UF and UB curves appear on an intersection point and the intersection point is between the critical line, then the intersection point corresponds to the time the mutation begins.
3 RESULTS
3.1 Spatial–temporal distribution and variation characteristics of stable snow cover area in Northeast China from 1980 to 2019
3.1.1 Temporal variation characteristics of annual snow cover area
Table 1 and Figure 2 show the sequences of stable snow cover areas for Northeast China from 1980 to 2019 calculated based on AVHRR data. The mean stable snow cover area during this period was 79.41 × 104 km2 (±14.47 × 104 km2), accounting for 64.03% of the entire region. The results reveal that more than 90% of Northeast China was covered by snow in the year with maximum snow coverage, whereas in the year with minimum snow coverage, more than 30% was covered by snow. The coefficient of variation indicates that the stable snow cover was 18.23%, indicating a large inter-annual variation.
TABLE 1 | Statistical table of inter-annual variation in the stable snow cover area for 1980–2019.
[image: Table 1][image: Figure 2]FIGURE 2 | Inter-annual variation in the stable snow cover area (A), Mann–Kendall trend of the stable snow cover area (B), and the snow cover area anomaly (C) in Northeast China, 1980–2019.
According to the variation trend, the stable snow cover areas in Northeast China exhibited decreasing trends from 1980 to 2019, with a rate of change of−0.404 × 104 km2/10a. However, this did not pass the significance test, indicating no significant changes in the stable snow areas during this period. Compared to the previous decade (1980–1989), the stable snow cover areas in Northeast China decreased by 3.18 × 104 km2 in the most recent decade (2010–2019). Further analysis was conducted using the M-K test (Figure 2B). There were multiple intersections of the UF and UB of the stable snow cover areas. Based on the snow cover area anomalies and sliding t-tests, it was concluded that the stable snow cover area underwent an abrupt changed in 1987, with a noticeable decline in the stable snow cover area after this mutation compared to the period before it.
Figure 3 illustrates that the stable snow cover area in Northeast China was mainly distributed in the northeastern part of Northeast China. There was no snow cover in the southwest. The snow zone exhibited an inverted U-shape distribution. The southern boundary of the central stable snow cover zone is located at approximately 46°N, which is in the Hada Mountains in Jilin Province, the southwestern part of the Songnen Plain, and the Zhangguangcai Ridge.
[image: Figure 3]FIGURE 3 | Spatial distribution of the mean annual stable snow cover area (A), maximum stable snow cover area (B), and minimum stable snow cover area (C) in Northeast China, 1980–2019.
The spatial distribution characteristics of the maximum stable snow cover area were similar to those of the mean stable snow cover area. The difference was that the southern boundary shifted southwest and was located at approximately 41°N in the Liaodong Peninsula, Liaoxi Hills, and Qilaotu Mountains. The spatial distribution of the minimum stable snow cover area exhibited clear characteristics of northward retreat and fragmentation and was mainly located outside the mountainous areas, such as the Greater Khingan Mountains, the Lesser Khingan Mountains, and the Changbai Mountains, as well as the Sanjiang Plain in the east.
In order to further elucidate the spatial variation in snow cover area, we have drawn a map of snow cover spatial variation separated by 10 years. The figure shows that the snow cover change zone is mainly located on the southwestern and southeastern edges of the stable snow area. A comprehensive comparison of decadal changes indicates that the southwestern edge mainly changes from no snow to snow, while the southwestern edge mainly changes from snow to no snow. Figure 4 shows that compared with 1980–1989, the snow cover in the Songnen Plain from 2010 to 2019 showed a clear southward trend, with an expansion area of approximately 5.78 × 104 km2, accounting for 2.04%. The snow relief area is mainly located in the Changbai Mountain and Xiaoxing’an Mountain regions, with an area of approximately 2.56 × 104 km2, accounting for 1.03%.
[image: Figure 4]FIGURE 4 | Spatial distribution of snow cover area change in Northeast China. 1980s–1990s (A), 1990s–2000s (B), 2000s–2010s (C), and 1980s–2010s (D).
3.1.2 Temporal variation characteristics of monthly snow cover area
Figure 5 shows the annual changes in the stable monthly snow area after statistics, showing distinct trends from 1980 to 2019. During this period, the snow area in Northeast China showed a decreasing trend from September to February, with a rate of change ranging from −3.52 × 104 km2/10a to −0.53 × 104 km2/10a. Conversely, from March onward, the month-by-month snow area showed an increasing trend, with a rate of change ranging from 0.02 × 104 km2/10a to 1.9 × 104 km2/10a. These patterns indicate that the snow cover area in Northeast China has been decreasing during the snow accumulation period (September–November) and the stabilization period (December–February), while increasing during the ablation period (March–May).
[image: Figure 5]FIGURE 5 | Annual change in the stable monthly snow cover area in Northeast China, 1980–2019.
Figure 6 shows the variation in multi-year average of monthly snow cover area in Northeast China. The results reveal that the snow cover area in Northeast China exhibited a parabolic distribution with time and was characterized by non-linear variation. The snow cover area index regularly increased from October to November and regularly decreased from February to May.
[image: Figure 6]FIGURE 6 | Variation in the multi-year average monthly snow cover area in Northeast China.
The changes in the monthly snow cover area in Northeast China between the former decade and the latter decade are compared, with the results presented in Table 2. The results show that the snow cover area increased in all the months, except December, March, April, and May, during which it decreased. In comparison, the largest reduction in the snow cover area occurred in February.
TABLE 2 | Changes in the monthly snow cover area for 1980–2019.
[image: Table 2]As shown in Figure 7, there was no snow cover in June, July, and August in Northeast China. In September, the snow cover was mainly distributed near Manzhouli and Genhe on the west side of the Greater Khingan Mountains in the northern part of Northeast China. In October, the snow cover was distributed near the Greater Khingan Mountains and the northern Heihe. The southern boundary of the snow cover extended to 41°N in November and was distributed along Xinglong, Shenyang, and Benxi. The snow cover continued to increase in December and essentially covered the entirety of Northeast China by January. The snow cover area in Northeast China began to decrease and retreat northward in February and basically disappeared by May.
[image: Figure 7]FIGURE 7 | Spatial distribution of monthly snow cover area in Northeast China, 1980–2019.
The monthly changes in the snow cover area between the latter decade and the former decade are compared in order to further explore the variation characteristics of the snow cover area in Northeast China (Figure 8; Table 3). Table 3 illustrates that the snow cover area in each month during the entire snow period differed in the latter decade compared to the former decade. The snow cover area decreased from October to February (with a slight increase in December) and increased from March to May, indicating that the snow cover area decreased in each of the fall and winter months and increased in each of the spring months, with the greatest decline in October (−11.89 × 104 km2) and the greatest increase in April (7.59 × 104 km2). Table 3 shows that there were changes from snow cover to no snow cover and from no snow cover to snow cover in each month. The area that changed from snow cover to no snow cover was greater than the area that changed from no snow cover to snow cover in all the fall and winter months except December, indicating a decrease in the snow cover area in fall and winter. In contrast, the area that changed from no snow cover to snow cover was greater than the area that changed from snow cover to no snow cover in spring, indicating an increase in the snow cover area in spring.
[image: Figure 8]FIGURE 8 | Spatial distribution of monthly snow cover area change in Northeast China. 1980s–1990s (A), 1990s–2000s (B), 2000s–2010s (C), and 1980s–2010s (D).
TABLE 3 | Change in monthly snow cover area for 1980–2019.
[image: Table 3]The spatial distributions of the snow-to-no snow zones and no snow-to-snow zones in each month revealed that the spatial variations in each month had similar characteristics. The snow-to-no snow zones were mainly distributed on the southern edge of the original stable snow cover area each month, while the no snow-to-snow zones were mainly distributed on the west side of the original stable snow cover area. This feature was evident in most months, such as October, November, December, February, and March, suggesting that with climate warming, the snow cover in Northeast China decreased in low-latitude regions and expanded radially westward from 1980 to 2019.
3.2 Spatial–temporal distribution and variation characteristics of snow cover area fragmentation in Northeast China from 1980 to 2019
3.2.1 Temporal distribution of spatial continuity and variation characteristics of annual snow cover
The MPS, LPI, and PSCV were calculated to analyze the variations in the spatial continuity of the snow cover in Northeast China (Figure 9). The mean MPS, LPI, and PSCV in the Northeast China from 1980 to 2019 were 4.75 × 104 km2 (±3.81 × 104 km2), 61.81% (±14.91%), and 469.59% (±201.54%), and the rate of change of the MPS, LPI, and PSCV from 1980 to 2019 were −1.06 × 104 km2/10 a (P < 0.05), −1.04%/10 a (P > 0.05), and 71.6%/10 a (P < 0.05). It can be seen that MPS shows a significant decreasing trend, and the smaller the MPS, the greater the degree of fragmentation of snow space. In addition, PSCV also showed a significant increasing trend, and the larger the PSCV, the greater the difference in the patch size of snow distribution space, indicating a significant increase in snow spatial continuity. Although the rate of change of LPI did not pass the significance test, it also showed a decreasing trend, and the smaller its value, the higher its degree of spatial fragmentation. Therefore, it can be concluded that since the 1980s, the spatial continuity of snow cover in Northeast China has significantly decreased, and the fragmentation of snow cover spatial distribution has significantly increased. The results indicate that with climate warming, although the stable snow cover area in Northeast China did not undergo significant changes, the snow distribution becomes increasingly discontinuous, leading to greater spatial fragmentation.
[image: Figure 9]FIGURE 9 | Inter-annual variation in MPS (A), LPI (B), and PSCV (C) in Northeast China, 1980–2019.
In order to explore the spatial variations in the fragmentation of the snow cover in Northeast China, Figure 10 shows the spatial distribution of snow cover every decade (1980s, 1990s, 2000s, and 2010s). It can be seen that the spatial distribution of snow cover in Northeast China is significantly fragmented, especially in the 2010s compared to the 1980s when snow fragmentation increased significantly. From 1980 to 1989, the MPS of snow cover in Northeast China was 8.24, and from 2010 to 2019, it was 4.07. Compared with the previous decade, the MPS of snow cover in Northeast China decreased by 4.17, and the fragmentation increased by 50% in the latter decade. Fragmentation has occurred in the southeastern, northeastern, and southwestern parts of the Northeast region, specifically in the spatial distribution of the southeastern part of the Changbai Mountain and the western part of Sanjiang and Songnen Plains, showing a clear trend of fragmentation. Therefore, under the backdrop of climate warming, the spatial distribution continuity of snow has significantly decreased.
[image: Figure 10]FIGURE 10 | Spatial distribution of snow cover area in northeast China in the 1980s (A), 1990s (B), 2000s (C), and 2010s (D).
3.2.2 Temporal distribution of spatial continuity and variation characteristics of monthly snow cover
The annual changes in the MPS, LPI, and PSCV of the snow cover area during the snowy months were analyzed (Table 4). The MPS of the snow cover area in Northeast China from 1980 to 2019 exhibited a decreasing trend in all the snowy months except March, and the LPI also exhibited a decreasing trend except from March to May, while the PSCV exhibits an increasing trend except in September, indicating an increasing trend of the fragmentation of the spatial distribution of the snow cover area. The MPS of the snow cover area exhibited a significant decreasing trend in November, February, and April, with rates of change of −0.49/10a, −1.31/10a, and −0.08/10a, respectively, indicating significant fragmentation of the snow cover area during these months.
TABLE 4 | Inter-annual variation in the MPS, LPI, and PSCV by month in Northeast China, 1980–2019.
[image: Table 4]In order to explore the spatial variations in the fragmentation of the snow cover area in each month, the monthly distribution and fragmentation statistics of the snow cover area were obtained for 1980–1989 (the former decade) and 2010–2019 (the latter decade) (Figure 11; Table 5). Compared with the former decade, the MPS of the monthly snow cover in Northeast China exhibited a decreasing trend in the latter decade, with a decreased range of 0.49–9.81, while the PSCV exhibited an increasing trend with an increased range of 7.8%–342.9%, indicating an increase in the snow cover fragmentation in each month in this region. There was no significant change in September compared with the spatial distribution of the monthly fragmentation variation. Compared to the former decade, the fragmentation intensified in the snow-covered zones in October. In addition, the fragmentation on the southern edge of the stable snow-covered zones increased significantly from November to February.
[image: Figure 11]FIGURE 11 | Spatial distribution of monthly snow cover area in Northeast China, 1980–1989 (A), 1990–1999 (B), 2000–2009 (C), and 2010–2019 (D).
TABLE 5 | Variation in monthly snow MPS, LPI, PSSD, and PSCV.
[image: Table 5]4 DISCUSSION
4.1 Comparison with previous results
At present, research on the snow cover area has mainly focused on the Northern Hemisphere. Previous studies have suggested that since the 1970s, the mean annual snow cover area in the Northern Hemisphere has decreased by approximately 7% (Barry and Gan, 2011). The trend of the reduction in the snow cover area was significant in spring, with a decrease of 3.1%/10a and 13.6%/10a in May and June, respectively (Derksen and Brown, 2012; Bormann et al., 2018). In addition, many researchers have also conducted research on the snow cover area in certain typical snow cover regions. Rizzi et al. (2018) found that the snow cover area in Norway has decreased by 6% since 1980. Huang et al. (2023) concluded that the mean snow cover area on the Tibetan Plateau has significantly decreased by 3.9 × 104 km2 since 1980. Our results suggest that the stable snow cover area exhibited decreasing trends from 1980 to 2020, yet the trends were not significant, which is different from the significant area reduction in other snow cover zones. Compared with the 1980s, the stable snow cover areas in Northeast China decreased by 3.18 × 104 km2 in the 2010s. In addition, we concluded that compared to the former decade, the snow cover area in the latter decade decreased in each month in fall and winter and increased in each month in spring, which is also different from the spring snow cover area reductions derived for other snow cover zones.
It has been shown that since 1961, the amount of snowfall and the number of snow days in November in Northeast China have been decreasing, while the amount of snowfall of different grades in March in Northeast China has been increasing, and the number of snow days of moderate snow–heavy snowfall has also increased (Zhou et al., 2020). Meanwhile, the average temperature in March in Northeast China is below 0°C, so snow accumulation occurs when there is a moderate snow-blizzard, leading to an increase in the area of snow accumulation during the melt-free period.
4.2 Response of snow cover to climate
In order to further analyze the correspondence between the snow cover area and temperature in Northeast China, the fifth generation European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis of the global climate (ERA5-Land) dataset was used to analyze the changes in the inter-annual mean temperature and mean temperature in the snowy months in Northeast China from 1980 to 2019 (Figure 12). The mean annual temperature in Northeast China exhibited a significant increasing trend, with a rate of change of 0.36°C (p < 0.01). The temperature in all the snowy months also exhibited an increasing trend, with a rate of change of 0.12°C/10a–0.67°C/10a. In addition, the temperature exhibited significant increasing trends in September, October, March, and May (p < 0.05). The correlation between the snow cover area and temperature was calculated (Table 6). The results show that there were extremely significant negative correlations between the snow cover areas and the annual mean temperature (p < 0.01). This explains the reductions in the snow cover areas in Northeast China in the latter decade compared to the former decade. However, the overall reduction has not yet reached a significant level.
[image: Figure 12]FIGURE 12 | Changes in the inter-annual mean temperature and mean temperature in the snowy months in Northeast China.
TABLE 6 | Correlations between the snow cover areas, MPS, LPI, PSCV, and temperature.
[image: Table 6]In addition, Table 6 shows that there was a significant negative correlation between the monthly snow cover area and temperature (p < 0.01), indicating a decreasing trend in the snow cover area from 2010 to 2019 compared with 1980–1989. However, we found that in Northeast China, although temperatures increased in March and April, the snow cover area showed an increasing trend. We discovered that compared to 1980–1989, the water vapor flux in Northeast China increased by 5.5 kg/(m s) in 2010–2019. The increase in water vapor flux will also affect the generation of snowfall (Wang et al., 2020). This indicates that, in addition to temperature, changes in weather systems and water vapor flux were also important factors affecting snow cover area, and this is also an important factor that causes the fluctuation of snow cover area, warranting further research in the future.
We conclude that the snow cover distribution was spatially characterized by fragmentation. Correlation analysis was conducted between the MPS, LPI, PSCV, and temperature (Table 6). The results revealed that the MPS and LPI were negatively correlated with temperature, with an extremely significant negative correlation in most months. As the temperature increased, the MPS and LPI decreased, and the PSCV was also significantly affected by temperature. Comparison with the spatial variation of mean annual temperature (Figure 13) also shows that the junction areas of faster and slower warming regions also coincide better with the areas of increased snow cover fragmentation, fully demonstrating that the increase in temperature was an important factor leading to the intensification in the fragmentation of snow cover.
[image: Figure 13]FIGURE 13 | Spatial variation in temperature.
Previous studies have suggested that the mean annual temperature in Northeast China abruptly changed around late 1987 (Hu et al., 2021), which is consistent with the years of abrupt changes in the mean annual snow cover area and stable snow cover area obtained in this study. Moreover, in this study, we combined the mean annual and stable snow cover area anomalies (Figure 2C) to calculate the mean annual, coefficient of variation, extreme value, and number of extreme years of the snow cover area before and after 1987 (using as standard statistics). The results are shown in Table 7. The result shows that the coefficients of variation of the stable snow cover areas in Northeast China increased after 1987, indicating significant enhancement of the inter-annual variations. The stable snow cover area increased in terms of their annual mean values. Yet, the extreme value changed significantly. The maximum values increased significantly, with increases of 18.87%. The minimum values decreased by 22.29%. Furthermore, the decreases in the minimum values were relatively more severe, indicating an increased inter-annual variation in the spatial extent of the snow cover in Northeast China. The frequency distribution of the extreme years before and after 1987 was calculated using [image: image]. There were no extreme years for the stable snow cover area before 1987. However, after 1987, the number of extreme years for the stable snow cover area increased to 11. Therefore, all of the extreme years of the snow cover area occurred after 1987. With climate warming, there has been a phenomenon of either little or heavy snow cover in Northeast China. The same phenomenon has been observed when analyzing the changes in snowfall in the Heilongjiang Province. After a sudden change in the temperature in Northeast China in the late 1980s, the inter-annual variation in the snowfall in Heilongjiang significantly increased, and snowless or heavy snow years occurred frequently (Zhang et al., 2021).
TABLE 7 | Snow cover areas before and after 1987.
[image: Table 7]4.3 Limitations of data
The correlation coefficient between air temperature and snow cover area was calculated, and it was concluded that there was a significant inverse relationship between air temperature and snow cover area, i.e., the snow cover area decreased with increasing air temperature. Figure 4D shows the spatial changes of snow cover in Northeast China for the periods 2010–2019 and 1980–1989, showing that the snow cover area increased in the central part of Northeast China and decreased in the eastern part of the Lesser Khingan Mountains and the lower altitude area of the southeastern part of Northeast China. We compared the spatial zone of temperature change in Northeast China from 1980 to 2019 (Figure 14) with the DEM map (Figure 15A) and the land use map (Figure 15B). It can be observed that the average annual temperature across Northeast China is increasing, with the central part of Northeast China experiencing a relatively smaller increase in temperature. In addition, based on the DEM map of Northeast China, the central part is the Northeast Plain, which consists primarily of arable land with no vegetation cover from autumn and winter through to the following spring. This area has seen an increase in snow cover. In the higher elevation area, which are basically covered by forests, there is a greater increase in temperature. Based on the conclusion that temperature and snow area are inversely proportional, one would expect the area with the greatest decrease in snow. However, despite the greater snow depth in the Greater Khingan Mountains, no decrease in snow was observed. In contrast, a decrease in the area of snow was observed on the eastern edge of the Lesser Khingan Mountains and the southeastern part of Northeast China,. This conclusion does not exclude the influence of remote sensing data limitations in forested areas.
[image: Figure 14]FIGURE 14 | Spatial variation in elevation (A) and land use (B) in Northeast China.
[image: Figure 15]FIGURE 15 | Spatial distribution of snow cover area (A) and snow cover area change (B) in Northeast China from 1980-2019 by using WESTDC.
In the analysis process of this article, three sets of data sources were selected. The actual year of the MODIS data is 2002, and its spatial resolution is 0.5 km × 0.5 km. The long-term snow depth dataset of China (WESTDC) starts in 1979 and has a resolution of 25 km × 25 km. The China AVHRR Daily Cloudless 5 km Snow Area Product Dataset (AVHRR) starts in 1979 and has a resolution of 0.5 km × 0.5 km. Compared to AVHRR data, which has an earlier time scale and higher spatial resolution, this article chooses to use AVHRR data for analysis.
This article compares the distribution maps of stable snow cover areas in the study area from 1980 to 2019 obtained using WESTDC data and AVHRR data (Figure 15), as well as the variation maps of 2010s and 1980s (Figures 3, 4). Compared to AVHRR data, the spatial resolution of the snow spatial distribution and variation maps obtained in the study area is higher. Therefore, this article uses AVHRR data.
5 CONCLUSION
Taking Northeast China as the study area, the spatial–temporal variation characteristics and distribution of the snow cover area in Northeast China from 1980 to 2019 were analyzed using the China AVHRR Daily Cloudless 5 km Snow Cover Area Product Dataset. The conclusions of this research are as follows:
(1) The stable snow cover area in Northeast China from 1980 to 2019 was 79.41 × 104 km2 (±14.47 × 104 km2). The rates of change of the stable snow cover area were −0.404 × 104 km2/10a. The stable snow zones in Northeast China exhibited an inverted U-shape distribution pattern from 1980 to 2019.
(2) The snow cover area in Northeast China occurs mainly from September to May. The month-by-month stable snow cover area decreased during the snow accumulation period from September to February and increased from March to May, but the changes were not significant in all months. The snow cover in Northeast China generally showed a decrease in autumn and winter and an increase in spring.
(3) The rate of change of the MPS, LPI, and PSCV from 1980 to 2019 was −1.06 × 104 km2/10 a (p < 0.05), −1.04%/10 a, and 71.6%/10 a (p < 0.05), respectively, indicating that the snow cover in Northeast China exhibited spatial fragmentation, and the trend of snow cover fragmentation is significant in November, February, and April.
(4) The increase in temperature is the major factor in the decline in snow cover and increased fragmentation.
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