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Abstract

:

Snow is an indicator of climate change. Its variation can affect surface energy, water balance, and atmospheric circulation, providing important feedback on climate change. There is a lack of assessment of the spatial characteristics of multi-source snow data in Eurasia, and these data exhibit high spatial variability and other differences. Therefore, using data obtained from the Global Historical Climatology Network Daily (GHCND) from 1980 to 2018, snow depth information from ERA5, MERRA2, and GlobSnow is assessed in this study. The spatiotemporal variation characteristics and the primary spatial modes of seasonal variations in snow depth are analyzed. The results show that the snow depth, according to GlobSnow data, is closer to that of the measured site data, while the ERA5_Land and MERRA2 data are overestimated. The annual variations in snow depth are consistent with seasonal variations in winter and spring, with an increasing trend in the mountains of Central Asia and Siberia and a decreasing trend in most of the rest of Eurasia. The dominant patterns of snow depth in late autumn, winter, and spring are all north–south dipole patterns, and there is overall consistency in summer.
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1. Introduction


Snow, a crucial element of the cryosphere, is regarded as a climate change indicator because of its distinct physical characteristics. Variations in snow can have an important impact on later climate and may affect processes including hydrology, atmospheric circulation, surface energy budget, and surface thermal conditions [1,2,3,4,5,6,7] (Barnett et al., 1989; Douville et al., 1996; Walland et al., 1996; Blanford, 1997; Chen et al., 2012; Wei et al., 2015; Zhang, 2016). In addition, snow exerts certain impacts on regional vegetation ecosystems, greenhouse gas emissions, engineering infrastructure, etc. Research has demonstrated that extremely high snowfall is associated with intense haze and increased dust concentrations [8,9] and that variations in spring snowmelt are related to extreme temperatures and wildfire activity during the following summer [10,11]. Snow also has an impact on people’s productive lives, and more technologies to safeguard health are being researched, developed, and applied [12,13,14,15]. In addition, snow is a natural reservoir that can be used as a source of fresh water and can provide tourism support for countries with abundant ice and snow cover [16,17,18,19], thus being of both practical and economic value.



In the context of global warming, the start of snow accumulation in the Northern Hemisphere has been delayed since the mid-20th century, with the largest snowfall being observed in spring. The main driving factors are temperature and precipitation, but snow accumulation can also be affected by other factors such as humidity and proximity to large freshwater bodies. The snow melting time has advanced [20], the snow depth has gradually become shallower, and the snow water equivalent has decreased over the long term [21,22]. There is also a downward trend in terms of timescales, with snow cover from 1972 to 1992 declining by an average of approximately 10% per year [23]. Data from weather stations across Europe show that the average snow depth in Europe generally decreased by 12% every decade from 1951 to 2017, with the trend being most obvious at low latitudes [24]. Overall snow in the Northern Hemisphere is on the decline, but research suggests that increased snowfall in sufficiently cold climates may be able to offset shorter snow seasons [25], with the snow water equivalent increasing in the coldest climates in northern Scandinavia [24,26]. Many scholars have also simulated the spatiotemporal variations in future snow. Under the high-emission scenario, large-scale snowfall will occur in Eurasia by the end of the 21st century, but the time will be delayed due to rising surface temperatures. The overall snow water equivalent in the Northern Hemisphere will show a downward trend [27], and in Europe, it may drop by 20–30%. However, in areas with extremely cold climates, such as Siberia, the snow water equivalent shows an increasing trend under both medium- and high-emission scenarios. Marty et al. [28] used regional model simulations to demonstrate that across all altitudes, periods, and emission scenarios, snow will drastically decrease throughout northern Europe, except for the highest elevations in northern Scandinavia [29]. Yue et al. [30] studied the spatial and temporal distribution and variation characteristics of snow depth in the Northern Hemisphere and nine typical zones from 1988 to 2018 based on the GlobSnow snow water equivalent dataset from the European Space Agency (ESA) and the Northern Hemisphere Long Time Series Snow Depth (NHSD) dataset from the National Tibetan Plateau Science Data Center. According to the variation characteristics, the variation in snow depth in most areas shows a downward trend, except for the East Siberian Mountains and the Alps of Eurasia.



There are two main sources of data for studying spatiotemporal variations in snow: ground stations and remote sensing data [31]. Both types of data have advantages and disadvantages. Snow in Eurasia is mainly distributed in mid- and high-dimensional areas. The observation time series of snow stations is longer and the time resolution is higher, but the spatial continuity of the station data is poor; this, coupled with the differences in the time series and snow observation methods used by snow stations in different countries and regions, means that snow data are limited, especially high-quality snow data. Satellite remote sensing data can quickly and periodically observe variations in snow throughout the day and is more suitable for the study of large-scale climate change. However, the data are of short duration, and the accuracy is easily affected by atmospheric conditions, sensors, pixel size, and other factors [32]. In addition to the above-mentioned main data sources, currently, reanalysis data based on model simulations are also used by many scholars. Significant determinants of snow models include temperature and precipitation, and the uncertainties related to these variables can have a direct impact on the accuracy of the reanalysis data [33]. Because various data sources have their advantages and disadvantages, many scholars have evaluated multi-source snow data at different spatial and temporal scales. Xiao et al. (2019) used site observation data to evaluate the applicability of five types of snow depth data (AMSR-E, WESTDC, GlobSnow, ERA-Interim, and MERRA2), from 2003 to 2011, to variations in snow depth in China. The results show that AMSR-E is more suitable for the study of instantaneous snow in the central and southeastern regions, WESTDC is more suitable for the study of snow depth in the north, and MERRA2 is more suitable for the statistical analysis of large areas. Zhang et al. [34] used monthly snow depth observations at 325 stations from 1981 to 2018 to evaluate the ability of five reanalysis datasets (JRA-55, MERRA-2, GLDAS2, ERA5, and ERA5L) to simulate spatiotemporal variations in snow. The results show that MERRA-2 is more suitable for studying variations in snow depth in China. Xiao et al. [35] used the 1992–2016 NHSnow dataset, which obtained data using the support vector regression (SVR) snow depth inversion algorithm, and compared it with GlobSnow, ERA-Interim/Land, and weather-station-measured snow depth data to evaluate the accuracy of the data for the Northern Hemisphere. The results show that the error and root mean square error (RMSE) of the NHSnow dataset are smaller than for the other two datasets, and ERA-Interim/Land is more likely to overestimate snow depth in the Northern Hemisphere. Wegmann et al. [36] compared reanalysis datasets (ERA-Interim, ERA-Interim/Land, ERA-20C, ERA-20C land, 20CRv2, and 20CRv2c) with Russian snow depth observation data. The results showed that the reanalysis data mostly overestimated Russian snow depth during the snowfall season (October and November) and snowmelt month (April) from 1981 to 2010.



Many results are currently available from the research carried out on snow. Many scholars have used a variety of snow data to examine snow depth at regional and hemispheric scales and to analyze spatiotemporal variations. There is high spatial variability in snow depth because the distribution of snow is influenced by factors such as temperature, precipitation, topography, and altitude, as well as atmospheric conditions, circulation, humidity, and radiation. There is still a lack of evaluation of multi-source snow data for Eurasia and no unified understanding of the variation characteristics of snow depth in local areas. Therefore, the main aims of this study are to assess the representativeness of the snow depth data obtained from ERA5, MERRA2, and GlobSnow and to analyze the dominant variations in snow depths. Eurasia is the world’s main snow cover area, and it is expected that this work can help provide a better understanding of the variation characteristics of snow in this region.




2. Data and Methods


2.1. Overview of the Study Area


Approximately 98% of the globe’s total seasonal snow is found in the Northern Hemisphere, mainly in Eurasia, where winter snow accounts for 60–65% of the total snow. The main snow areas in Eurasia are distributed at high latitudes, such as Siberia, and high altitudes, such as the Tibetan Plateau and the Alps. The distribution of snow depth has latitudinal and vertical zonal characteristics [30]. When conducting data assessment, the study area was divided into six regions, and a representative site from each region was selected for the comparative analysis of ERA5_Land, MERRA2, and GlobSnow data. The six areas were Siberia (60° E–120° E, 55° N–73° N), Central Asia (60° E–85° E, 40° N–53° N), the East Siberian Mountains (125° E–180° E, 55° N–73° N), the Alps (5° E–15° E, 43° N–48° N), north-west Europe (5° E–20° E, 50° N–70° N), and the East European Plain (30° E–55° E, 50° N–70° N).




2.2. Data


In this study, the latest fifth-generation reanalysis (ERA5_Land) monthly snow depth data from the European Center for Medium-Range Weather Forecasts (ECMWF), MERRA2 monthly snow depth data, and GlobSnow monthly snow water equivalent data were used to conduct the data evaluation and to analyze the spatiotemporal variation characteristics of snow. Many scholars have also used these data for snow analysis [30,33,36,37,38].



ERA5 is a comprehensive reanalysis of data generated by 4D-Var data assimilation from the ECMWF’s Integrated Forecast System (IFS) and the CY41R2 model forecast. The ERA5 atmospheric model is coupled with a land surface model and a wave model, supporting real-time data from 1979 to the present day. ERA5_Land reruns the land component of ERA5 at improved spatial resolution [34] and uses the atmospheric forcing of ERA5 as the model input. ERA5_Land provides monthly snow depth data from January 1950 to the present day (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-land-monthly-means?tab=overview, accessed on 23 April 2024). The original spatial resolution of the acquired data is 0.1° × 0.1°, the temporal resolution is monthly, and the projection coordinate system is WGS84.



MERRA2 is the latest version of the satellite-era global atmospheric reanalysis produced by the National Aeronautics and Space Administration (NASA)’s Global Modeling and Assimilation Office (GMAO) using version 5.12.4 of the Goddard Earth Observing System (GEOS) model. The snow model of these data has three layers, and the precipitation data generated by the model is also corrected using observed precipitation data (rain gauges). Among them, the correction amplitude is larger at low latitudes, while at points north of 62.58° N, no precipitation correction is performed because the station has relatively few precipitation data and the data quality is not high [39,40]. MERRA2 provides data from January 1980 to the present day (https://disc.gsfc.nasa.gov/datasets/M2TUNXLND_5.12.4/summary?keywords=MEERA2, accessed on 23 April 2024). The original spatial resolution of the acquired data is 0.625° (longitude) × 0.5° (latitude), the temporal resolution is monthly, and the projected coordinate system is WGS84.



GlobSnow is a monthly snow water equivalent dataset for the Northern Hemisphere released by the European Space Agency (ESA). The data production process mainly uses site data, passive microwave brightness temperature data (SMMR, SMMI, and SMMI/S), and the HUT (Helsinki University of Technology) snow radiative transfer model [41,42]. GlobSnow provides data from January 1979 to May 2018 (https://www.globsnow.info/swe/, accessed on 23 April 2024), and there is a large amount of missing data from June to September. The original spatial resolution of the acquired data is 25 km, the temporal resolution is monthly, and the projection coordinate system is EASE-GRID, covering the area from 35° N to 85° N.



The reference truth value for the evaluation is the Global Historical Climatology Network Daily (GHCND) database, which is a comprehensive database containing field observation data from more than one hundred thousand weather stations in 180 countries and regions around the world. The goal of compiling GHCND source data is to maximize spatial coverage, and records from many institutions have been collected and quality controlled. To reduce the possibility of redundancy, new data are cross-checked with previously included data before being added to a dataset. This ensures record uniqueness, spatial consistency, and temporal consistency [43,44,45]. The station’s data include daily snow depth data from 1 September 1980 to 30 August 2018. The site data are densely distributed in the central and western parts of Eurasia and sparsely distributed in the eastern part.




2.3. Methods


This study used station data to evaluate ERA5, MERRA2, and GlobSnow data and defined the hydrological year of each snow from September of the current year to August of the following year. Taking into account the spatial and temporal resolution of the four datasets to ensure data consistency, the time range of this study was set as September 1980 to August 2018. The spatial resolution of the data was unified to 0.1° × 0.1°. For MERRA2, we linearly interpolated the data. For GlobSnow v3.0, we used the “NEAREST” method in ArcMap after converting the coordinate system. Because GlobSnow involves snow water equivalent data and its projected coordinate system is inconsistent with the rest of the data, preprocessing was carried out [30]. This process was divided into two steps. First, the EASE-GRID projection of the GlobSnow data was converted to WGS84; second, the snow water equivalent value obtained from GlobSnow and the snow density (0.24 g·cm−3) were divided to obtain the snow depth data.



The site data (GHCND) are daily data; thus, they were adjusted according to the processing method described by Yue et al. [30] and processed into monthly data. The processing steps were as follows. Firstly, each month was divided into six groups. The first five groups were all 5 days in length. The length of the data in the last group was uncertain because of the different number of days in various months. Secondly, a determination was made as to whether the number of days with values in each data group was greater than or equal to 2. If it was, the mean of the group was calculated. Otherwise, the mean of the group was considered to be an invalid value (NaN). Finally, if the sum of the means of the 6 groups was greater than or equal to 4, the sum of the effective values was averaged and used as the monthly average. Otherwise, it was regarded as NaN.



When analyzing the snow data, we discovered that certain datasets had extremely high values. Therefore, by consulting the literature [46,47,48,49] (Liu Y, 2021; Chu et al., 2018; Klein et al., 2016; Zhong et al., 2018) and calculating the maximum snow depth of the site data, a threshold of 20 m was set for the monthly snow depth data. Then, all of the grid snow depth data were matched spatiotemporally with the site snow depth data and initially assessed using the bias and root mean square error (RMSE). The variations in the snow depth in each set of data were compared and analyzed by selecting the representative stations based on the above regions.



The calculations of the bias, RMSE, and mean absolute error (MAE) are shown in Equations (1), (2), and (3), respectively.


  BIAS =  X m  −  X s   



(1)






  RMSE =       ∑   i = 1  n       X  m , i   −  X  s , i      2   n     



(2)






  MAE =  1 n    ∑   i = 1  n       X  m , i   −  X  s , i          



(3)




where Xm and Xs denote the snow depths of the reanalysis data and the corresponding station, respectively; n denotes the number of valid values for the station; and i represents the month.



The analysis of the spatial and temporal variations in the snow was carried out after assessing the monthly snow depth data from Eurasia (0° E–180° E, 25° N–80° N) during the study period, and the main modes of variation in seasonal snow were analyzed using the empirical orthogonal function (EOF) method. The snow depths were standardized and detrended before the EOF analyses.





3. Results and Analysis


3.1. Multi-Source Snow Dataset Assessment


Using the snow station data, the representativeness of the ERA5, MERRA2, and GlobSnow snow datasets was assessed. The representative stations in each of the six regions were selected for conducting a comparative analysis of the snow variation trends.



Figure 1 shows the spatial distributions and frequency histograms of the snow depth bias between the Eurasian multi-source data and the station. It can be seen that the positive and negative biases of snow depth in Eurasia are mostly distributed between 0 and 20 cm, with the deviation being larger in the northwest of the Scandinavian Mountains. Both ERA5 and MERRA2 have higher positive deviations, accounting for four-fifths or more of the total. However, the positive deviation number is higher for MERRA2 than for ERA5. More negative deviations are seen in GlobSnow v3.0. Xiao et al. [35] evaluated NHSnow, ERA5, and GlobSnow snow depth data from 1992 to 2016 using measured site information. The results show that the GlobSnow underestimates the snow depth in the East European Plain and that the ERA5_Land data are more likely to overestimate the snow depth in the Northern Hemisphere, which are findings consistent with those of this study.



The spatial distributions of the MAE and RMSE of the snow depths between the Eurasian multi-source snow data and the station data are shown in Figure 2. The average absolute deviation and RMSE of ERA5 and MERRA2 are larger in the area north of 55° N, ranging between 10 and 20 cm. Among them, the distributions of MAE and RMSE for ERA5 show a strip-like distribution, with the deviation increasing from low latitude to high latitude. The largest MAE and RMSE of MERRA2 are found in the East European Plain, in addition to the area north of 55° N. The average absolute deviation and RMSE of GlobSnow data fall mainly between 0 and 10 cm, and the RMSE is larger in the East European Plain. In addition, the errors of the three data types are larger in the Scandinavian Mountains.



Table 1 shows the overall absolute deviation and RMSE of the six subregions. For the GlobSnow data, the snow depth accuracy is relatively high, with an overall mean deviation of −3 cm, a mean absolute error of 5.74 cm, and an RMSE of 8.51 cm. Its MAE and RMSE in each region are small. ERA5 ranks second, with an overall mean deviation of 4.41 cm, a mean absolute error of 6.76 cm, and an RMSE of 9.27 cm. Because the bias of ERA5 increases zonally, the bias is higher in the Siberian and Eastern Siberian regions. The overall mean deviation of MERRA2 is 4.82 cm, the mean absolute error is 8.53 cm, and the RMSE is 11.13 cm.



The variations in the annual mean snow depth at representative stations in each subregion are different (Figure 3). There is significant regional diversity in terms of snow depth due to factors such as temperature, precipitation, geography, altitude [50,51,52,53], circulation, humidity, and radiation, which influence the distribution of snow. The snow depth and snowmelt time vary in mid- to high-latitude areas and under different terrain conditions. Representative stations in different regions show that the snow depth in mountainous areas is smaller than that in other mid- and high-latitude areas of Eurasia, and the peak snow depth is reached earlier at low latitudes. The snow depth in the Alpine region and in northwest Europe is smaller than that in other middle- and high-latitude areas of Eurasia, and it reaches peak snow depth faster. The snow depth in Central Asia at mid-latitudes reached its peak in February, and the East European Plain, Siberia, and the East Siberian Mountains at higher latitudes all reached their peak snow depth in March. Yue et al. [30] reached a similar conclusion and also found that the snowmelt time in Eurasia varied with latitude when exploring variations in spring snowmelt in Eurasia from 1979 to 2018.



From Figure 4, we can see the variations in the annual mean snow depth at representative stations for four datasets in major regions of Eurasia, with the measured site data (ERA5, MERRA2, and GlobSnow) from left to right and the representative sites of the major regions of the Eurasian continent from top to bottom. Due to severe deficiencies in the GlobSnow data for high mountainous areas, there were anomalies in the data comparisons in the Alpine region that are not shown here. Declining trends are exhibited in the Alpine region, northwest Europe, the East European Plain, and Siberia, with an increasing trend in snow depth in the Eastern Siberian Mountain area, which is consistent with the findings of Yue’s [30] study. Meanwhile, a study carried out by Marcolini et al. [54] showed an increase in the number of stations with negative snow depth trends and consecutive negative anomalies in the Austrian Alps starting in the late 1980s and early 1990s. Furthermore, it is worth noting that representative stations in Central Asia show an increasing trend in terms of snow depth. Studies conducted by Yue et al. [30] and Zhong et al. [49] also showed that the snow depth decreased in some areas of Central Asia and increased in others. The main factors affecting snow are temperature and precipitation, but they are also affected by other factors such as humidity and proximity to large freshwater bodies. Studies have shown that the surface temperature of the Northern Hemisphere is warming; in particular, the surface temperature of high latitudes is rising at the fastest rate in the world, and the total precipitation and precipitation intensity are increasing. However, an increase in precipitation does not equate to an increase in snowfall because warming shortens the snow season and leads to variations in the ratio of rain to snow. This is the reason why the snow depth in Eurasia is decreasing in most places. At the same time, research also shows that increased snowfall in sufficiently cold climates may be able to offset the shorter snow season, leading to an increase in snow depth in the Eastern Siberian Mountain region [25,27].



Figure 5 shows the variations in the mean spring snow depth at representative stations for four datasets in major regions of Eurasia. These variations are consistent with snow variations, and the GlobSnow data are in better agreement with the station data for snow depth modeling on a seasonal scale. In winter, the ERA5, MERRA2, and GlobSnow data demonstrate snow depth variations consistent with the representative sites, which are not shown in the mapping here. In spring, the snow depth trends of both ERA5 and MERRA2 in Central Asia do not coincide with the representative station (Figure 5r,s). The snow depth variation trend of MERRA2 in Siberia is also inconsistent with station data, except for Central Asia (Figure 5w). Yang et al. [38] explored variations in the spring (March–May) snowmelt in Eurasia from 1979 to 2018 and found that the decline in spring snowmelt in western Eurasia was associated with a decrease in the previous season’s snow. At the same time, the authors suggested that this may be due to warmer temperatures in western Eurasia together with an increase in the proportion of precipitation, which is consistent with this study’s finding of a decrease in winter snow depth at representative stations in the European region. Central Asia is the world’s largest non-zonal arid region and is deeply inland and far from the ocean, and the strength and trajectory of the westerly circulation directly affect the precipitation in the region. Moreover, due to the complex topography of the Central Asian region, the westerly circulation encounters high topography, which produces weather-scale westerly disturbances, leading to an increase in the uncertainty of precipitation [55]. Precipitation is one of the important driving factors of snow models, and its uncertainty has a considerable impact on ERA5 and MERRA2. Li et al. [55] studied the spatiotemporal evolution characteristics of extreme snowfall in Central Asia and various climate zones in winter from 1979 to 2017 and found that extreme snowfall in East Asia increased in winter.




3.2. Temporal and Spatial Variation Characteristics of Snow in Eurasia


Using the ERA5, MERRA2, and GlobSnow snow datasets, the spatiotemporal variation characteristics of snow were examined using EOF and standard deviation analysis techniques.



The spatial distributions of the multi-year average snow depth in Eurasia shown by the three types of snow datasets are consistent (Figure 6). The distribution mainly covers the area north of 50° N, and there is more snow on the mid- and low-latitude Tibetan Plateau. The main areas of variation in snow depth are in central, western, and far eastern Siberia; the northern parts of the East European Plain; and the Scandinavian Mountains. GlobSnow has a large amount of missing data from June to September, so GlobSnow’s multi-year average snow depth mainly covers October to May. GlobSnow data can show the spatial distribution of multi-year snow depth, but its value is slightly smaller than those for the other two datasets, and there are no data for areas south of 35° N.



Figure 7 shows the spatial distributions of the mean snow depth and the standard deviation variations in the four seasons in Eurasia according to the ERA5, MERRA2, and GlobSnow datasets. Because there is a large amount of data missing from GlobSnow from June to September, the variations in snow depth in summer and autumn were not analyzed. The snow in Eurasia is most extensive in winter, with the main areas of snow depth variation being observed for the Western Siberian Plain and the Far Eastern Siberian Coast. The main snow cover area in spring is north of 55° N, and the main snow depth variation area is consistent with winter. Only the Western Siberian Plain and the Tibetan Plateau accumulate more snow in summer, which is consistent with the spatial and temporal distribution of snow observed by Zhong et al. [49]. From summer to autumn, the main area of variation in snow is in Siberia. From autumn to winter, the snow depth increases in the northern parts of the East European Plain and Scandinavia.



Figure 8 shows the spatial distributions and corresponding normalized principal components of the first three EOF modes in winter from 1980 to 2018. When displaying the graph, the first two EOF modes of the GlobSnow dataset were switched around because they are the opposite of the first two EOF modes of ERA5 and MERRA2. In winter, the variance contributions of the first EOF mode of ERA5, MERRA2, and GlobSnow data are 12.23%, 14.03%, and 14.49%, respectively (Figure 8a,d,h). GlobSnow data’s first mode is consistent with ERA5 and MERRA2’s second mode, while its second modality agrees with ERA5 and MERRA2’s first mode. The spatial distribution characteristic of the first dominant mode (mainly EOF1 for ERA5 and MERRA2) is that the snow depth is roughly distributed in anti-phase along the north and south of 60° N, which is a south–north dipole mode. In northern Eurasia, the snow depths in the Siberian region and the far east of Siberia also show an inverse variation. The normalized principal components corresponding to the north and south dipole patterns of the three data types all show obvious interannual variations. When the snow depth increases in northern Eurasia, except in the far east of Eurasia, the snow depth decreases in southern Eurasia (Figure 8j). In winter, the variance contributions of the second EOF mode of ERA5, MERRA2, and GlobSnow data are 9.72%, 9.24%, and 9.05%, respectively (Figure 8b,e,g). The second mode exhibits a spatial distribution characterized by an east–west dipole pattern, with snow depths in eastern and northern Eurasia inversely distributed with western and southern Eurasia. The normalized principal components corresponding to the east–west dipole pattern also show significant interannual variability, and the normalized principal components of the ERA5 and MERRA2 data are more consistent (Figure 8k). The spatial distribution characteristics of the third EOF mode of snow depth in winter indicate that the snow depth variations in the East European Plain are distributed inversely compared to those in north-west Eurasia and Siberia, showing an east–central–west tripole pattern. This spatial feature does not include ERA5 because its spatial distribution is not particularly consistent with those of the other two datasets (Figure 8c,f,i). The normalized principal component corresponding to the east–central–west tripole pattern is dominated by interannual variation (Figure 8l). Chen et al. [5] used daily snow depth data for the former Soviet Union from 1948 to 1994 provided by the National Snow and Ice Data Center to study the spatial mode of the Eurasian continent in winter (December–February). The results showed that the first mode is the north–south dipole mode, which is consistent with the results of this study. The three datasets are the same except for the third EOF spatial mode of ERA5, which is inconsistent with the rest, and the variations in the corresponding normalized principal components of the three datasets are also consistent. It can be observed that the three datasets, ERA5, MERRA2, and GlobSnow, demonstrate the winter snow depth variations.



Figure 9 shows the spatial distributions and corresponding time series of the first three EOF modes in spring from 1980 to 2018. In spring, the variance contributions of the first EOF mode of ERA5, MERRA2, and GlobSnow data are 11.84%, 15.48%, and 22.26%, respectively (Figure 9a,d,g). The spatial distribution characteristics of the first dominant mode are consistent with the first mode of winter snow depth. The snow depth is roughly distributed in anti-phase along the north and south of 60° N, which is a south–north dipole pattern. From winter to spring, snow depth in northern Eurasia varies from east–west inversion to consistent variation. The normalized principal component corresponding to the first spatial mode shows significant interannual variability, with snow depth decreasing in southern Eurasia and increasing in northern Eurasia (Figure 9j). Zhang et al. [56] analyzed the EOF spatial modes of snow water equivalent in winter (December–February) and spring (March–April) in the Eurasian mid- to high-latitude region (20°–140° E, 40°–70° N) from 1979 to 2015 and found that the north–south dipole modes of snow water equivalent in the Eurasian middle- and high-latitude regions may persist from winter to spring. The results of this study are consistent with this finding. The spatial distributions of the second and third spatial modes displayed by the three snow depth data are inconsistent, except for the far east of Eurasia.



Figure 10 shows the spatial distributions and corresponding normalized principal components of three EOF modes in early summer (June) from 1980 to 2018. In early summer (June), the variance contributions of the first EOF mode of ERA5 and MERRA2 are 19.11% and 30.83%, respectively (Figure 10a,d). The spatial distribution characteristics reflected by the first mode show that the main characteristic of snow depth variation in Eurasia is one of overall consistency. The normalized principal components correspond to the first mode, characterized by both interannual and interdecadal variability, with a turning point in about 2000 (Figure 10g). In general, the snow depth in Eurasia shows an increasing trend in both periods before and after 2000, and the snow depth obviously decreases after 2000. In early summer (June), the variance contributions of the second EOF mode of ERA5 and MERRA2 are 14.72% and 11.88%, respectively. The distribution is characterized by an inverse variation of snow depth in the Siberian region and the East European Plain (Figure 10b,e). The corresponding normalized principal component for the second mode (PC2) is similar to the first mode principal component, and there is also a turning point in the variation in snow depth in about 2000 (Figure 10h). In early summer (June), the variance contributions of the third EOF mode of ERA5 and MERRA2 are 11.12% and 10.2%, respectively. The distribution is characterized by snow depth loadings centered in the Siberian region (Figure 10c,f), and the corresponding normalized principal component shows significant interannual variability (Figure 10i). For the three datasets, each mode shows consistent variations in snow depth over Scandinavia (Figure 10).



Figure 11 shows the spatial distributions and corresponding normalized principal components of the first three EOF modes of the two snow depth datasets in late autumn (November) from 1980 to 2018. In late autumn, the variance contributions of the first EOF modes of ERA5 and MERRA2 were 12.98% and 14.56%, respectively (Figure 11a,d). The spatial distribution characteristics reflected by the first mode are consistent with the first dominant mode in winter and spring, showing a south–north dipole mode. In northern Eurasia, the snow depth also shows an inverse variation in Siberia and Far East Siberia. The normalized principal component corresponding to the first mode shows significant interannual variations, and the principal components of the two datasets are well aligned (Figure 11g). The snow depths decrease in northern Eurasia, except in the far east, and increase in the far east and south of Eurasia. In late autumn, the variance contributions of the second EOF mode of ERA5 and MERRA2 are 9.6% and 8.07%, respectively. The distribution of the second mode is characterized by the snow depth varying inversely between northern and southern Eurasia, showing a north–south dipole mode (Figure 11b,e). Among them, the normalized principal component corresponding to the second mode of MERRA2 data also shows significant interannual variability. The normalized principal component from ERA5 data shows interdecadal variability, with the turnaround year located near the year 2000 (Figure 11k,h). After 2000, the snow depths in the north decrease but increase more frequently in the south. The spatial distribution characteristics of the third EOF mode of the two datasets indicate that the snow depth decreases in western Eurasia and increases in parts of eastern Eurasia, roughly showing an east–west dipole mode (Figure 11c,f). The normalized principal component corresponding to the third mode exhibits significant interannual variation (Figure 11i). The main modes of snow cover in late autumn have been previously analyzed by scholars, showing an east–west dipole mode [57,58,59]. Among them, Ye et al. [57] used correlation to analyze the relationship between late autumn snow cover and snow depth in Eurasia (0° E–180° E, 40° N–80° N) from 1973 to 2013. It was discovered that the west–east dipole mode’s snow cover and the north–south dipole mode’s snow depth are related, and the relationship could be explained by temperature and snowfall. Reduced snowfall and increased temperatures in November resulted in smaller snow depths in northern Siberia, and increased snowfall appears to have led to increased snow depths in far eastern Eurasia. This is consistent with our demonstration of a north–south dipole pattern in snow depth in late autumn. Therefore, by combining the main spatial types of snow depth in winter and spring, we find that the variation in snow depth has consistency from late autumn to the following spring, both of which are in the north–south dipole mode. Furthermore, the snow depth in Siberia and the far east of Siberia varies inversely in the late autumn and winter, with consistent variations in spring.





4. Discussion and Conclusions


4.1. Discussion


This study found that both ERA5 and MERRA2 overestimate snow depths and that the seasonal trends at some of the representative stations are inconsistent with the measured station data. Compared to MERRA2, which tends to overestimate snow depth, ERA5_Land performs better. Both ERA5_Land and MERRA2 are long-term series products, with MERRA2 having lower spatial resolution and inferior performance for station-scale snow depth simulations than ERA5. The GlobSnow v3.0 data are more consistent with variations in snow depth, although there is a slight underestimation. Its data are missing from June to September, covering the area from 35° to 85° N. The coverage in the Tibetan Plateau is incomplete for GlobSnow v3.0 data, which does not include high mountainous areas. Studies have shown that GlobSnow v3.0 data are more suitable for areas where the snow depth is approximately 0.05 to 1 m. The bright temperature signal usually saturates at an SWE larger than 150 mm and at snow depths greater than 1 m, which can cause an underestimation of SWE [60]. Some scholars have also used measured snow depth station data to evaluate the applicability of GlobSnow data in the Chinese region, with unsatisfactory results [33].



Seasonal indicators of snow depth may be complexly affected by temperature characteristics and weather system characteristics. For example, Eurasian spring snow cover variations are closely related to teleconnections in the Arctic Oscillation (AO), EA–western Russia (EAWR), Polar–Eurasian (POL), and Western Pacific (WP) patterns [37]. The variations in snow in late autumn are affected by East Atlantic (EA), EAWR, and Scandinavian (SCAND) patterns [58]. The climate characteristics of the European winter are modulated by the North Atlantic Oscillation (NAO). The relationship between the NAO index and annual snow days or snow depth is statistically significant in Central Europe. However, it gradually weakens toward the east, and its impact on snow depth in Eastern Europe is limited to early and late winter [61,62,63]. In addition, the distribution of snow is affected by topography, altitude, radiation, and so on. Thus, the spatial variability of the snow is high, and it is difficult to use seasonal depth variations in the regional snow to represent representative station variations. Bulygina et al. [64] analyzed the variations in snow depth in winter from 1966 to 2010 using 958 weather stations in Russia and found that the multi-year snow depth and maximum snow depth in Western Siberia showed an increasing trend, while the far east of Eurasia showed a decreasing trend. Xiao et al. [35] analyzed the maximum and average snow depths for the seasons of autumn (September to November), winter (December to February), and spring (March to May) from 1992 to 2016 using the NHSnow dataset and found that the snow depths over a wide area of the Far East of Eurasia showed a significant decreasing trend in winter and a significant increase in spring. However, the conclusions of these studies are mainly on a regional scale, providing us with a picture of the wide-scale variation in snow depth. In this study, we accessed ERA5, MERRA2, and GlobSnow data from the perspective of representative stations and found that the variations in snow depth were consistent in winter and spring, with decreasing trends in the Alpine region, Northwest Europe, the East European Plain, and Siberia and increasing trends in Central Asia and the East Siberian Mountains. Moreover, the variations in snow depth at the representative stations in winter and spring are consistent with the regional snow depth variations in Yue et al.’s [30] study.



In this study, we used site data to evaluate ERA5_Land, MERRA2, and GlobSnow data with some limitations. Firstly, the sample size was small; we selected three snow datasets for assessment based on data length, but a variety of snow datasets exist that could also be studied. Secondly, effective data are limited. Because the selected area was Eurasia, which has a large spatial range, there are few station datasets with consistent data quality over a long period of time. This study selected sites with a more complete time series of snow depth in each region for assessment. The selected sites were random and scattered, but they were small in number. Subsequent studies could be narrowed down to provide a more detailed analysis in areas with dense sites and more complete data records. Thirdly, the structure of the snow had an impact. In this paper, we refer to the way most studies convert snow water equivalent to snow depth using a constant snow density. However, there are differences in the nature and structure of the snow under different climates and water vapor sources. Subsequent studies that use GlobSnow data for snow depth assessment may consider zoning the snow density.




4.2. Conclusions


In this study, ERA5, MERRA2, and GlobSnow data were assessed using Eurasian measured snow depth station data (GHCND) from 1980 to 2018. The spatial and temporal variability of snow depth was also characterized from two perspectives: the selection of representative stations in the subregion and the Eurasian continent as a whole. The main spatial modes of seasonal variation calculated using the three snow depth data were explored, and the main conclusions are presented below.



(1) Using measured site data to assess ERA5, MERRA2, and GlobSnow data, it was found that ERA5 and MERRA2 overestimate the snow depth, and the proportion of positive deviations is greater than or equivalent to four-fifths. Among them, ERA5’s overestimation of snow depth increases from low latitude to high latitude, while MERRA2’s overestimation occurs in all regions. GlobSnow underestimates the snow depth with a mean deviation of −3 cm, which is closer to the station’s observed snow depth in terms of absolute deviation (5.74 cm) and RMSE (8.51 cm).



(2) The annual variations in snow depth are consistent with seasonal variations in winter and spring, with an increasing trend observed in the mountains of Central Asia and Siberia and a decreasing trend seen in most of the rest of Eurasia. Both ERA5 and MERRA2 data are less accurate for modeling Central Asia due to its unique topographic and climatic conditions. In addition, due to the lower spatial resolution of MERRA2, the snow trend in spring in the Eastern Siberian region, according to MERRA2 data, is not consistent with the rest of the data. The snow depth variations shown by MERRA2 are weaker than those from ERA5.



(3) On the whole, the three datasets can reflect the annual and seasonal variations in snow, and the main variation areas are consistent. The distribution of snow depth has latitudinal and vertical zonal characteristics. Except for the Tibetan Plateau, the main winter coverage area is to the north of 50° N, with a latitudinal narrowing of the range in spring. Only the Western Siberian Plain and the Tibetan Plateau accumulate more snow in the summer. The snow depth variations are mainly on the Tibetan Plateau, in Siberia, in the northern parts of the East European Plain, and in the Scandinavian Mountains.



(4) The seasonal spatial patterns of the snow depths from the three datasets are consistent. The dominant patterns of snow depth in late autumn, winter, and spring are all north–south dipole patterns. The spatial distribution of snow depth is roughly inversely distributed along 60° N in winter and spring, and the dividing line in late autumn is northward. In late autumn (November) and winter, the first mode of the EOF of snow depth shows an inverse variation in Siberia, including the far east. The main characteristic of snow depth variation in Eurasia is one of overall consistency in summer. An inter-decadal turning point of snow depth occurred around the year 2000 in Eurasia, and the snow depth obviously decreased after 2000.
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Figure 1. Distributions and frequency histograms of the snow depth biases between the Eurasian multi-source data and the station data. (a,d) ERA5; (b,e) MERRA2; (c,f) GlobSnow. 
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Figure 2. Spatial distribution of the MAE (left) and RMSE (right). (a,b) ERA5, (c,d) MERRA2, (e,f) GlobSnow. 
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Figure 3. Annual variations in the mean snow depth at each regional representative station. (a) Station data, (b) ERA5, (c) MERRA, (d) GlobSnow. 
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Figure 4. Variations in the mean annual snow depth at representative stations for four datasets (stations, ERA5, MERRA2, and GlobSnow) in major regions of Eurasia. (a–c) Alpine region, (e–h) Northwest Europe, (i–l) East European Plain, (m–p) Siberia, (q–t) Central Asia, (u–x) Eastern Siberian Mountains. 
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Figure 5. Same as Figure 4 but for spring. 
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Figure 6. Spatial distributions of the mean snow depth (left) and the standard deviation (right) from 1980 to 2018. (a,b) ERA5, (c,d) MERRA2, (e,f) GlobSnow. 
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Figure 7. Spatial distributions of the mean snow depth (left) and the standard deviation (right) in each season from 1980 to 2018: winter (upper left), spring (upper right), summer (lower left), and autumn (lower right). (a,b) ERA5, (c,d) MERRA2, (e,f) GlobSnow. 
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Figure 8. Spatial distributions and corresponding normalized principal components of the first three EOF modes in winter. (a–c) ERA5, (d–f) MERRA2, (g–i) GlobSnow, (j–l) normalized principal components corresponding to the three EOF modes—red solid line: ERA5, blue solid line: MERRA2, green solid line: GlobSnow. 






Figure 8. Spatial distributions and corresponding normalized principal components of the first three EOF modes in winter. (a–c) ERA5, (d–f) MERRA2, (g–i) GlobSnow, (j–l) normalized principal components corresponding to the three EOF modes—red solid line: ERA5, blue solid line: MERRA2, green solid line: GlobSnow.
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Figure 9. Spatial distributions and corresponding normalized principal components of the first three EOF modes in spring. (a–c) ERA5, (d–f) MERRA2, (g–i) GlobSnow, (j–l) normalized principal components corresponding to the three EOF modes—red solid line: ERA5, blue solid line: MERRA2, green solid line: GlobSnow. 






Figure 9. Spatial distributions and corresponding normalized principal components of the first three EOF modes in spring. (a–c) ERA5, (d–f) MERRA2, (g–i) GlobSnow, (j–l) normalized principal components corresponding to the three EOF modes—red solid line: ERA5, blue solid line: MERRA2, green solid line: GlobSnow.
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Figure 10. Spatial distributions and corresponding normalized principal components of the first three EOF modes in early summer (June). (a–c) ERA5, (d–f) MERRA2, (g–i) normalized principal components corresponding to the three EOF modes—red solid line: ERA5, blue solid line: MERRA2. 






Figure 10. Spatial distributions and corresponding normalized principal components of the first three EOF modes in early summer (June). (a–c) ERA5, (d–f) MERRA2, (g–i) normalized principal components corresponding to the three EOF modes—red solid line: ERA5, blue solid line: MERRA2.
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Figure 11. Spatial distributions and corresponding normalized principal components of the first three EOF modes in late autumn (November). (a–c) ERA5, (d–f) MERRA2, (g–i) normalized principal components corresponding to the three EOF modes—red solid line: ERA5, blue solid line: MERRA2. 






Figure 11. Spatial distributions and corresponding normalized principal components of the first three EOF modes in late autumn (November). (a–c) ERA5, (d–f) MERRA2, (g–i) normalized principal components corresponding to the three EOF modes—red solid line: ERA5, blue solid line: MERRA2.
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Table 1. MAE and RMSE.
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MAE

	
RMSE




	

	
ERA5

	
MERRA2

	
GlobSnow

	
ERA5

	
MERRA2

	
GlobSnow






	
Alpine region

	
3.85

	
6.77

	
4.67

	
6.69

	
9.45

	
7.12




	
Northwest Europe

	
5.93

	
7.25

	
5.37

	
8.93

	
10.51

	
8.81




	
East European Plain

	
7.03

	
11.91

	
6.24

	
9.08

	
13.71

	
8.71




	
Siberia

	
14.13

	
10.79

	
7.25

	
16.75

	
12.83

	
9.63




	
Central Asia

	
8.19

	
10.03

	
6.5

	
10.1

	
11.45

	
8.08




	
Eastern Siberian Mountains

	
17.17

	
13.34

	
6.96

	
20.52

	
15.56

	
9.14
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