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An observational study illustrates that three distinct modes of winter Siberian high variability exist in observations at the inter-annual time scale. In this paper, we compare the connection between these diverse Siberian high variation modes with pre-autumn and simultaneous Eurasian snow cover in an observation and BCC-CSM2-MR coupled climate model run under pre-industrial conditions from the CMIP6 project. Our analyses indicate that the inter-annual variation of observed Siberian high modes do have a connection with pre-autumn and simultaneous Eurasian snow cover anomalies, but the BCC-CSM2-MR coupled climate model does not capture the observed diverse Eurasian snow–Siberian high relationships well. The BCC-CSM2-MR coupled climate model can partly reproduce the observed Siberian high variation modes, but fail to capture the spatial distribution and statistics of boreal fall and winter Eurasian snowpack, which is a key facet of simulated diverse Siberian high variability irrespective of the influence of Eurasian snow cover.
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INTRODUCTION
The Siberian high (SH) is the most conspicuous pressure system found in the Northern Hemisphere during wintertime (Lydolf, 1977). The strong radiative cooling over the Eurasian snow cover forms a cold-core high-pressure system in the lower troposphere over the Mongolia plateau (e.g., Cohen et al., 2001; Gong and Ho, 2002; Panagiotopoulos et al., 2005). A stronger SH could result in a higher frequency of cold surges over East Asia to decrease the temperature and generate heavy snow (Ding and Krishnamurti, 1987; Ding, 1990). Thus, SH is a primary factor of determining strength of the East Asian Winter Monsoon (EAWM) circulation. Previous studies have found that the variation of SH intensity is impacted by a number of factors, such as the Arctic Oscillation (AO), North Atlantic Oscillation (NAO), high-pressure ridge around the Ural mountains (Joung and Hitchman, 1982; Takaya and Nakamura, 2005a, Takaya and Nakamura, 2005b; Wang B. et al., 2010; Sun et al., 2016), Eurasian snow cover (Foster et al., 1983; Cohen and Fletcher, 2007; Cohen et al., 2012; Ghatak et al., 2012), and sea surface temperature (SST) anomalies in the North Atlantic. (e.g., Li, 2004; Li and Lan, 2017). Among them, interaction between the snow cover and the overlying atmospheric circulation remains a challenging issue (Henderson et al., 2018).
Snow is an important component of the hydroclimate system. Variations of snow cover can modulate radiative, moisture, and heat exchanges between the atmosphere and land surface. Physically, snow cover could affect the atmospheric circulation through altering surface albedo and soil moisture during the melting process (Hahn and Shukla 1976; Groisman et al., 1994; Barnett et al., 1989; Cohen and Rind, 1991; Dutra et al., 2011; Mu and Zhou., 2015; Zhang et al., 2017; Henderson et al., 2018). Therefore, the interaction between snow in local and remote atmospheric dynamics has been an interesting research subject (e.g., Henderson et al., 2018). Previous studies have found that the inter-annual variation of Eurasian snow cover is influenced by atmospheric circulation such as weather pattern, NAO, the mid-latitude Rossby wave train, and Arctic moisture transportation (e.g., Clark et al., 1999; Bulygina et al., 2009; Henderson and Leathers, 2010; Zuo et al., 2011; Wegmann et al., 2015; Ye et al., 2015; Ye and Lau, 2016; Ye and Wu, 2017; Sun et al., 2019). Other studies have suggested that the Eurasian snow has sufficient potential to alter the large-scale atmospheric circulation in the following winter, which affects sea level pressure (SLP) over vast areas of Northern Eurasia to exert impact on SH intensity (Cohen and Entekhabi, 1999; Cohen et al., 2001, 2007; Saito et al., 2001; Fletcher et al., 2009; Orsolini and Kvamstø, 2009; Luo and Wang, 2019). Recent results have shown that the inter-annual variation in SH exhibits three dominant modes (e.g., Jia et al., 2018; Liu et al., 2019; Zhu et al., 2019), the uniform mode, the north–south dipole mode, and the east–west dipole mode. These modes have diverse spatial features and thus different impact on East Asian winter climate. However, the connection between the spatial variations in SH and Eurasian snow anomalies in pre-autumn and simultaneous winter has received little attention and remains unclear.
The Eurasian snow–mid-latitude circulation (e.g., AO and SH) relationship has been reproduced in modeling experiments forced with Eurasian snow cover anomalies (e.g., Gong et al., 2003; Cohan and Fletcher. 2007; Fletcher., 2009; Allen and Zender 2010, 2011; Peings et al., 2012). Modeling experiment success, however, arises only when prescribing the observed snow variability, while the coupled models cannot reproduce the snow–mid-latitude circulation relationship with internally generated snow anomalies (e.g., Hardiman et al., 2008; Allen and Zender 2011; Furtado et al., 2015). For example, Furtado et al. (2015) demonstrated that coupled CMIP5 models are unable to reproduce the snow–AO dynamical links, echoing similar results from Hardiman et al. (2008) for the CMIP3 models. They claimed that the coupled CMIP5 models underestimate the variability of October Eurasian snow cover and thus do not simulate lagged winter atmospheric responses to October Eurasian snow cover variability. However, along with improvement of model physics and resolution, whether the state-of-the-art climate model can reproduce the snow–mid-latitude circulation relationship remains unclear.
In this study, we intend to examine the connection between Eurasian snow anomalies with diverse winter SH modes of inter-annual variability in observations during 1979–2019 and the BCC-CSM2-MR coupled climate model simulations. BCC-CSM2-MR is a coupled climate model developed by the Beijing Climate Center (BCC). This model participates in the current Coupled Model Inter-comparison Project, CMIP6, and the sub-seasonal to seasonal (S2S) prediction project and also provides routine seasonal forecasts (Liu et al., 2019; Liu et al., 2021; Zhu et al., 2021). The evaluation indicates that BCC-CSM2-MR shows better performance in the tropospheric air temperature and circulation in East Asia and Indian monsoon region (e.g., Wu et al., 2019; Kumar and Sarthi, 2021). Whether this newly developed climate model of BCC has any ability to reproduce the observed snow–mid latitude circulation connection in winter is still unknown, and the associated evaluated results are important to further improve the seasonal prediction skill of the BCC climate system model. We attempt to address the following issues: the lead-concurrent relationship between Eurasian snow anomalies and the diverse winter SH modes in observations at an inter-annual timescale during 1979–2019, and whether the lead-concurrent relationship can be captured by the BCC-CSM2-MR coupled climate model.
The observation and BCC-CSM2-MR coupled climate model datasets applied in the study are described in Section 2. In Section 3, we depict the major inter-annual variation modes of SH and explore their relationships with Eurasian snow cover conditions. In Section 4, we further explore the simulated inter-annual variations of SH in the BCC-CSM2-MR coupled climate model, their possible relationships with simulated snow, and the possible causes for the lack of snow–SH connection in the BCC-CSM2-MR coupled climate model. The summary of results is presented in Section 5.
DATA, METHOD, AND COUPLED MODEL OUTPUT
The observational dataset used for comparison with model output is the ERA5 (Hersbach., 2020). The monthly mean values from 1979 to 2019 of several atmospheric variables such as geopotential height, surface air temperature, sea level pressure (SLP), snow fall, and snow depth are studied with a focus on the boreal winter season (i.e., December–January–February). Version 4 of the Northern Hemisphere EASE-Grid 2.0 snow cover (Brodzik and Armstrong 2013) used in this study is obtained from the National Snow and Ice Data Center (http://nsidc.org/data/) with the original weekly data at a grid cell size of 25 km × 25 km, which has been converted to monthly mean with 1 × 1 spatial resolution, and the newly released GlobSnow v3.0 Northern Hemisphere snow water equivalent dataset for the period of 1979–2018 is also used (Luojus et al., 2021). The AO, East Atlantic/Western Russia (EA/WR), and Polar/Eurasia (POLEUR) teleconnection indices are provided by the Climate Prediction Center (CPC). The seasonal means are calculated from monthly values, and anomalies are computed relative to the means of entire periods. To retain the inter-annual variability, the 9-year low-pass components using the Gaussian-type filter is removed for all variables. The SH intensity index (SBI) is defined after Gong et al. (2001). The North’s significance test is used to determine the confidence level of statistics in Empirical Orthogonal Function (EOF) analysis (North et al., 1982). Singular value decomposition analysis (SVD) is employed for identifying the temporal co-variability between two climatic spatial fields (Bretherton et al., 1992), and the Monte Carlo approach (Czaja and Frankignoul, 2002) is used to evaluate the significance of statistics in the SVD method. To estimate the transient eddy response of mid-latitude circulation to snow cover anomalies, the synoptic eddy vorticity feedback to the anomalous low-frequency flow is analyzed as Lau and Holopainen (1984).
Simulations from the BCC-CSM2-MR model are used to diagnose the presence of the modeled Eurasian snow–SH mechanism. The BCC-CSM2-MR model is an atmosphere–land–ocean–sea ice coupled model. The atmosphere component is the BCC Atmospheric General Circulation Model version 3 with T106 triangular truncation (resolution of approximate 110 km) and 46 vertical hybrid sigma/pressure layers, top at 1.459 hPa. The land component is the BCC Atmosphere and Vegetation Interaction Model version 2 with T106 horizontal resolution and 10 soil layers. The ocean component is the GFDL Modular Ocean Model version 4 with varying horizontal resolutions of 1/3° (at the equator) to 1° (at the pole), and the sea-ice component is the GFDL Sea Ice Simulator with the same resolution as the ocean component. All components are coupled at a frequency of 30 min without any flux adjustment. Details of the BCC-CSM2-MR model and its general performance have been documented in Wu et al. (2019).
Similar to Furtado et al. (2015), we select the coupled climate model output from a pre-industrial control (piControl) scenario (i.e., prescribed, non-evolving greenhouse gas concentrations and aerosols mimicking conditions prior to 1850 are the primary forcings) for analysis in this work. The advantages of choosing piControl scenario over other simulations are its long integrations (600 years of model output) and its exclusion of anthropogenic effects that could influence the studied relationship. Model atmospheric variables analyzed are identical to those from observations.
DIVERSE SH INTER-ANNUAL VARIATION MODES AND THEIR CONNECTIONS WITH EURASIAN SNOW COVER IN OBSERVATIONS
Figure 1 depicts the first three leading EOF modes of wintertime sea level pressure anomalies over the SH domain (40°N–60°N, 60°E–120°E) for the 1979–2019 period. The first leading EOF mode (referred to as SH-EOF1, hereafter) accounts for about 65% of the total variance, which is characterized by a uniform variation over the whole SH region to represent the intensity variation of SH (Table 1). The second leading EOF mode (SH-EOF2) accounts for about 14.1% of the total variance, and its horizontal structure shows a north–south seesaw pattern in SLP anomalies. The third leading EOF mode (SH-EOF3) shows a west–east seesaw pattern, which accounts for about 10.2% of the total variance. The three SH-EOF modes are well distinguished from each other according to the rule of North et al. (1982). Figures 1D–F display the principal components (PC) of the three SH EOF modes, and they exhibit notable interannual variations during the 1979–2019 period.
[image: Figure 1]FIGURE 1 | Spatial patterns and corresponding principal components of the first (A,D), second (B,E), and third (C,F) EOF mode of winter-mean SLP in the Siberian high domain (40–60oN, 70–120oE) in 1979–2019 for ERA5 Reanalysis.
TABLE 1 | Correlation coefficient of Siberian High intensity index (SHI), AO, POLEUR, and EAWR teleconnection indices with the PCs of SH modes. The bold italic font indicates the value exceeding the 95% confidence level.
[image: Table 1]To further illustrate diverse features of the three SH-EOF modes, the typical anomaly SH cases for each mode are shown in Figure 2. The SH defined by the outline of 1,028 hPa SLP (Liu and Zhu, 2020) is quite similar to that defined by 1,030 hPa as Wu and Wang (2002) except for the discontinuation of the climatological 1,030 hPa contour over the SH domain. Figures 2A,B show a typical case in positive (negative) phase of the SH-EOF1 mode; that is, the enhanced (weakened) SH is notable along with enlarged (shrinked) SH extension in 2011 (2006). For the typical cases of the SH-EOF2 mode in 1984 (Figure 2C) and 2001 (Figure 2D), it represents northward or southward shift of the SH, respectively. In contrast, for the typical cases of SH-EOF3 mode in 2008 (Figure 2E) and 1999 (Figure 2F), it shows a westward displacement and eastward stretch of the SH, respectively.
[image: Figure 2]FIGURE 2 | The distribution of the 1,028-hPa SLP contour in typical cases of the SH-EOF1 mode (blue line; A,B), the SH-EOF2 mode (blue line; C,D), and the SH-EOF3 mode (blue line; E,F). The climate mean 1,028-hPa SLP contour is represented by the red line and the standardized anomalies of SLP are shaded.
Figure 3 displays the wintertime upper- and low-level large-scale tropospheric circulation associated with the SH-EOF modes. The SLP anomalies associated with the SH-EOF1 mode are characterized by positive anomalies over a broad region from the Arctic to the Siberian plateau, implying a stronger-than-normal Siberian–Mongolian high (Figure 3A). Consistently, positive 500-hPa geopotential height anomalies extend southward from the Arctic to the Ural Mountains (Figure 3B). In the mid-latitudes, two major negative anomaly centers are located in the central Europe and northeastern East Asia, separately. This distribution of geopotential height anomalies resembles the EA/WR teleconnection pattern as indicated by Chen et al. (2019), and the SH-PC1 has a correlation coefficient of 0.50 with the EA/WR index (Table 1), which is significant at the 95% confidence level. The EA/WR like pattern is accompanied by an upper-level blocking ridge over the Ural Mountains and a deepened trough off the east coast of East Asia, providing favorable dynamical conditions for the southward intrusion of mid–high latitude cold air into East Asia (e.g., Wu and Chan, 1997; Wang B. et al., 2010; Wang L. et al., 2010).
[image: Figure 3]FIGURE 3 | Regressed anomalies of DJF (A) SLP (shading, units: hPa), (B) 500 hPa geopotential height (shading, units: m) onto the PC1 index, (C,D) onto the PC2 index, and (E,F) onto the PC3 index. The green line indicates the value significantly exceeding the 95% confidence level.
For the SH EOF2 (Figure 3C), the associated positive SLP anomalies occupy a broad region from the Arctic to the northern Siberian plateau and opposite anomalies occur over the southern Siberian plateau. For the winter 500-hPa geopotential height field (Figure 3D), negative anomalies are evident over most of the Eurasian continent and opposite anomalies over the Arctic Ocean, the pattern of which is similar to the negative phase of AO to some extent (e.g., Chen et al., 2014, 2016). The correlation coefficient between the SH-PC2 and AO index is approximately −0.40, exceeding significance at the 95% confidence level (see Table 1). Comparison of Figures 3C,D indicates that the atmospheric circulation anomalies associated with the SH-EOF2 exhibits a notable baroclinic structure in the mid–high latitude.
The SLP variation associated with the SH-EOF3 mode is characterized by a west–east dipole pattern, with positive anomalies over the western Siberian plateau and the Arctic Ocean and opposite anomalies over the eastern Siberian plateau (Figure 3E). The west–east dipole pattern is also clearly observed in the 500-hPa geopotential height field (Figure 3F), with a mild ridge over the western Siberian plateau and a trough over the Lake Baikal, which resembles the POLEUR teleconnection pattern (see Table 1).
Moreover, relationships between the surface air temperature anomalies and the three SH-EOF modes in winter are examined. Associated with variation of the SH-EOF1 mode, warming signal exceeding 1.0°C occurs over the Arctic and northern edge of the Eurasian continent and cold anomalies spread in the high-mid latitude Eurasian continent (Figure 4A). Associated with variation of the SH EOF2 mode, the appearance of warm surface air temperature anomalies is confined to the Arctic region, and cold anomalies exceeding −1.0°C dominate the mid-high latitude of the Eurasian continent (Figure 4B). Associated with the SH EOF3 mode (Figure 4C), cold temperature anomalies cover most of the mid-latitude of the Eurasian continent, whereas the milder warm temperature anomalies occur over the region to the south of 40°N and stretch northwestward to Lake Baikal.
[image: Figure 4]FIGURE 4 | Regressed anomalies of DJF T2m (shading, units: C) onto the (A) PC1, (B) PC2, and (C) PC3 index. The green line indicates the value significantly exceeding the 95% confidence level.
There are several possible physical mechanisms in the Eurasian snow cover–SH connection: (1) The thermodynamical pathway: the expansion of the Eurasian snow cover in late autumn can persist into winter and cause a strong radiative cooling above the snow-covered surface over the Eurasian continent, which cools the surface and increases surface pressure to enhance the SH (e.g., Ding 1990; Cohen et al., 2001; Cohen et al., 2007; Jeong et al., 2011; Luo and Wang, 2019). (2) The troposphere–stratosphere interaction pathway: previous studies have suggested that the lower tropospheric anomalies associated with pre-autumn snow anomalies can amplify the downstream standing wave pattern and enhance the vertical wave propagation into the polar stratosphere through troposphere–stratosphere interaction to affect the mid-latitude circulation (e.g., AO) in late winter, which can also modulate SH variation (e.g., Henderson et al., 2018). Besides, several studies also found that the snow cover feedbacks start from radiative and thermodynamical processes and then are amplified by the internal dynamics of the climate system (Clark et al., 1999; Cohen et al., 2007). The strong transient eddy forcing is important for connection of extratropical response to mid-latitude snow anomalies, which may impact the SH variation (Deser et al., 2007; Fletcher et al., 2009; Wu B. et al., 2011).
To examine the connection between the three SH modes and Eurasian snow cover variations, we present regression of their corresponding PCs onto the snowfall, snow depth, and snow water equivalent (SWE) anomalies in simultaneous winter. Associated with variation of the SH-EOF1 mode (Figures 5A–C), the less snow is observed over most areas of the Siberian plateau to the north of 45°N, in which the positive surface pressure anomalies are located (see Figures 3A,B), while more snow is over the region to its south, especially to the south of Lake Baikal where it is under the control of negative pressure anomalies. These features indicate that the SH-EOF1 mode dominates the local snow variations in simultaneous winter. Similar results are obtained for the EOF2 (Figures 5D–F) and EOF3 (Figures 5G–I) modes.
[image: Figure 5]FIGURE 5 | Regressed anomalies of DJF (A) snow fall (shading, units: mm), (B) snow depth (shading, units: mm), and (C) snow water equivalent (shading, units: mm) onto PC1, (D–F) onto PC2, and (G–I) onto PC3. The green line indicates the value significantly exceeding the 95% confidence level.
Furthermore, we detect the connection between pre-autumn snow anomalies and the three SH-EOF modes by applying the SVD method as Wu et al. (2011b). Figure 6 displays the first three pairs of coupled SVD pattern of DJF SLP over the SH domain and (October–November) ON Eurasian snow cover anomalies for the period of 1979–2019. The first leading SVD mode describes decreased ON snow cover over most of the Eurasian continent, especially over the northern and eastern Siberian plateau, and increased snow cover over the southwestern Eurasia continent collated with a uniform enhanced SLP over the whole Siberian region as the SH-EOF1 mode (Figures 6A–C). The second most important pair of coupled SVD patterns is characterized by increased ON snow cover over the eastern Eurasian continent and decreased snow cover over the western part co-varying with a northward shift of SH as the SH-EOF2 mode (Figures 6D–F). The third pair of coupled SVD patterns is characterized by increased ON snow cover over the northeastern Eurasian continent and decreased snow cover over the western part co-varying with a westward shift of SH as the SH-EOF3 mode (Figures 6G–I).
[image: Figure 6]FIGURE 6 | Heterogeneous correlation coefficient maps of DJF SLP (A), ON snow cover (B), and homogeneous map of ON snow cover (C) in the first SVD mode of observations. (D–F) For the second SVD mode, (E–F) for the third SVD mode. The green line indicates the value significantly exceeding the 90% confidence level.
To reveal the physical connection among the above-mentioned three leading SVD modes, we firstly analyze the possible influence of SVD SC1 snow cover mode on the ON, DJF snow depth, and H500 synoptic eddy-vorticity forcing by regressing the expansion coefficient time series of SVD-SC1 onto them. The features in Figures 6B,C are also evident in snow depth anomalies of later autumn and the following winter (Figures 7A,B). The distribution pattern of snow anomalies modulates the mid-latitude circulation resembled to EA/WR teleconnection pattern through synoptic eddy-vorticity response (Figure 7C), which further modulates the occurrence of the SH-EOF1 mode as in Figures 3A,B; Table 1. With the influence of the SVD-SC2 mode (Figures 6E,F), previous studies have found that the positive snow cover anomalies over the eastern Siberian plateau would force negative AO phase through troposphere–stratospheric circulation interaction. As AO-like response has been well studied, we will only examine the associated evolution of circulation in troposphere and stratosphere to illustrate the possible connections. Figure 8 displays the regressed maps of ON and DJF 50-hPa geopotential height upon the time series of SVD-SC2 expansion coefficient. In ON, the 50-hPa geopotential height anomalies show a dipole-like structure (Figure 8A), with development of positive height anomalies over the North Atlantic–North American sector. In the following winter (Figure 8B), the above circulation structures remain visible at the middle and high latitudes. The above spatial distribution of stratospheric circulation changes is collocated with a wave 1 pattern. At H500 (Figures 8C,D), the blocking-type ridge is developed in the Ural Mountain region in later autumn, and it has been documented that the frequent and persistent episodes of blocking in the Ural Mountain region are likely to contribute to vertical planetary wave propagation with wavenumber-1 and wavenumber-2 components (Charney and Drazin 1961; Garfinkel et al., 2010; Mori et al., 2014). With enhanced propagation of the vertical wave into the polar stratosphere trough troposphere–stratospheric circulation interaction in the following winter, it finally affects the mid-latitude circulation as AO (Figure 8D) and further modulates the SH EOF-2 mode as in Figures 3C,D; Table 1. With the influence of the SVD-SC3 mode (Figures 6H,I), the enhanced snow cover over the northeastern Siberian Plateau and less snow cover over the Ural region persists from later autumn into winter (Figures 9A,B), and it modulates the mid-latitude circulation resembling the POLEUR teleconnection pattern through synoptic eddy-vorticity forcing response (Figure 9C), which further impacts the occurrence of SH-EOF 3 mode as in Figures 3E,F; Table 1.
[image: Figure 7]FIGURE 7 | Regressed anomalies of ON (A), (B) DJF snow depth (shading, units: mm), and (C) H500 synoptic eddy-vorticity forcing onto expansion coefficient time series of snow cover in the first SVD mode. The red line indicates the value significantly exceeding the 90% confidence level.
[image: Figure 8]FIGURE 8 | Regressed anomalies of ON (A), (B) DJF H50 geopotential height (shading, units: m), ON (C) and DJF (D) H500 geopotential height onto expansion coefficient time series of snow cover in the second SVD mode. The red line indicates the value significantly exceeding the 90% confidence level.
[image: Figure 9]FIGURE 9 | Regressed anomalies of ON (A), (B) DJF snow depth (shading, units: mm), and (C) H500 synoptic eddy-vorticity forcing onto expansion coefficient time series of snow cover in the third SVD mode. The red line indicates the value significantly exceeding the 90% confidence level.
Previous studies have found the linkage between Eurasian snow cover and the intensity of SH through both thermodynamic and troposphere–stratospheric circulation interaction pathway; however, the possible influence of snow cover on the spatial variation of SH received little attention. Our statistical analysis indicates that the possible connections between pre-autumn snow cover and three different types of SH variation mode is mainly through the transient eddy response mechanism and troposphere–stratospheric circulation interaction. In simultaneous winter, we find that the SH variation modes act to force the anomaly distribution of Eurasian snow cover.
SH AND EURASIAN SNOW CONNECTION IN BCC-CSM2-MR COUPLED SIMULATIONS
To examine whether the BCC-CSM2-MR coupled climate model has any ability to reproduce the observed Eurasian snow–SH connection, this section explores the diverse SH variation modes and their connections with the Eurasian snow cover in the 599-year piControl simulation from this model. Figure 10 depicts the first three leading EOF modes of simulated winter SLP anomalies over the SH domain (40°N–60°N, 60°E–120°E) for the model years from 1850 to 2448. These three simulated EOF modes can be separated from each other according to the criterion of North et al. (1982). The simulated EOF1 mode accounts for 57.6% of the total variance (Figure 10A), which is characterized by a uniform variation in SLP over the whole region as that of observation. The simulated EOF2 mode accounts for 21.6% of the total variance (Figure 10B), and its horizontal structure depicts a northeast–southwest seesaw pattern in SLP variations, which is different from the observed EOF2 mode (i.e., the north–south seesaw pattern). The simulated EOF3 mode accounts for approximately 10.4% of the total variance (Figure 10C), and it is characterized by a northwest–southeast seesaw pattern, which partly resembles the observed SH-EOF3 mode (i.e., the west–east seesaw pattern).
[image: Figure 10]FIGURE 10 | Spatial patterns and corresponding principal components of the first (A,D), second (B,E), and third (C,F) EOF mode of winter-mean SLP in the Siberian high domain (40–60°N, 70–120°E) from the BCC-CSM2-MR model.
Figure 11 displays the large-scale tropospheric circulation associated with the abovementioned simulated SH modes in winter. Associated with variation in the simulated EOF1 mode (Figure 11A), positive SLP anomalies occurs over a broad region from the Arctic to the Siberian plateau as in the observation (Figure 3A). The simulated 500-hPa geopotential height anomalies show a wavy pattern over mid-high latitudes, with alternating positive and negative height centers of action over Central Europe, the northern Siberian plateau, and the northeastern East Asia (Figure 11B), the pattern of which is similar to that in observation (Figure 3B). Associated with variation in the simulated EOF2 mode, a similar east–west dipole pattern is observed in the SLP and 500-hPa geopotential height anomaly fields over the Eurasian continent (Figures 11C,D). The SLP and 500-hPa geopotential height anomalies associated with the simulated EOF3 mode both show a wavy pattern over the Eurasian mid–high latitudes (Figure 11E), with alternating positive and negative anomalies over southeastern Europe, the northern Siberian plateau–Arctic Ocean, and northeastern Asia. It is noticed that the overall structure of the 500-hPa geopotential height anomaly bears similarity between the simulated EOF1 and EOF3 modes, except that the latter shifts more northward to the higher latitude (Figure 11F).
[image: Figure 11]FIGURE 11 | Regressed anomalies of DJF (A) SLP (shading, units: hPa), (B) 500 hPa geopotential height (shading; units: m) onto the PC1, (C,D) PC2, and (E,F) PC3 index from the BCC-CSM2-MR model. The green line indicates the value significantly exceeding the 95% confidence level.
Figure 12 shows relationships between the three simulated EOF modes and surface air temperature anomalies in winter. Associated with variation in the simulated EOF1 mode (Figure 12A), warming temperature anomalies between 0.5°C and 1.5°C occur over the Arctic and the northern edge of Eurasia, and cold anomalies occur over the Eurasian mid-latitudes, the pattern of which bears resemblance to that in observation (Figure 4A). For the simulated EOF2 mode, mild warm temperature anomalies of approximately 0.5°C appear over the Arctic region, while cold anomalies of approximately −0.5°C to−1.0°C occur over the northwestern Eurasian continent and extend eastward to Lake Baikal (Figure 12B). The pattern of surface air temperature anomalies associated with the simulated EOF3 mode is similar to that associated with the simulated EOF1 mode, but the warm temperature anomalies between 1°C and 1.5°C are confined to the Barents–Kara Sea and cold anomalies exceeding −1.0°C lie in central Siberia for the simulated EOF3 mode (Figure 12C).
[image: Figure 12]FIGURE 12 | Regressed anomalies of DJF T2m (shading, units: °C) onto the simulated (A) PC1, (B) PC2, and (C) PC3 index from the BCC-CSM2-MR model. The green line indicates the value significantly exceeding the 95% confidence level.
Associated with variations in the simulated EOF1 mode (Figures 13A–C), reduced snow occurs over most of the Eurasian continent to the north of 40°N and increased snow to the south in winter. For the simulated EOF2 mode (Figures 13D–F), increased snow occurs over the southwestern Eurasian continent, while reduced snow is observed over central Siberia. The pattern of snow anomalies associated with the simulated EOF3 mode (Figures 13G–I) bears resemblance to that associated with the simulated EOF1 mode, with reduced snow over the northern Eurasia and increased snow to the south. Comparison of Figures 11, 13 indicates the direct modulation of atmospheric circulation on the underlying snow variations in the model simulation during winter, which is consistent with the observational result.
[image: Figure 13]FIGURE 13 | Regressed anomalies of DJF (A) snow fall (shading, units: mm), (B) snow depth (shading; units: mm), and (C) snow cover (shading; units: %) onto the PC1 index, (D–F) onto the PC2 index, and (G–I) onto PC3 index from BCC-CSM2-MR simulations. The green line indicates the value significantly exceeding the 95% confidence level.
To examine the connection between precursory snow signal in late autumn over the Eurasian continent and SH in the following winter, an SVD analysis is also applied to the simulated ON snow cover and DJF SLP anomalies (Figure 14). It is indicated that the precursory snow signals for the three simulated SH modes are rather weak, with few areas exceeding significance at the 95% confidence level. In other words, the BCC-CSM2-MR coupled climate model cannot reproduce the observed autumn snow–winter SH connection. To verify whether the poor connection between the simulated SH in winter and Eurasian snow anomalies in the preceding autumn is stable, the 599-year expansion coefficient time series of the SVD modes are divided into 14 41-year subintervals and then the correlation coefficient between the expansion coefficient time series of the winter SLP and autumn snow cover anomalies is calculated for each subinterval (see Figure 15). It is found that insignificant correlation coefficient is observed for most of the subintervals, confirming the poor ability of the BCC-CSM2-MR model to reproduce the observed autumn snow–winter SH connection.
[image: Figure 14]FIGURE 14 | Heterogeneous correlation coefficient maps of DJF SLP (A), ON snow cover (B), and homogeneous map of ON snow cover (C) in the first SVD mode of BCC-CSM2-MR simulations. (D–F) For the second SVD mode, (D–F) for the third SVD mode. The green line indicates the value significantly exceeding the 90% confidence level.
[image: Figure 15]FIGURE 15 | The correlation coefficient between expansion coefficient time series of DJF SLP and ON snow cover in the first (A), second (B), and third (C) SVD mode for individual 41-year subintervals. The blue line indicates the value significantly exceeding the 95% confidence level.
Previous studies have revealed that the poor relationship between Eurasian snow cover and winter AO variability in the CMIP5 coupled simulations may be attributed to the underestimation of snow cover and its inter-annual variability in the model (Derkson and Brown, 2012; Furtado et al., 2015). Figure 16 presents the climatological late autumn snow cover fraction and snow depth in the observation (Figures 16A,B) and BCC-CSM2-MR simulations (Figures 16C,D). The spatial extent of snow cover fraction has notable differences between the observation and simulation (Figures 16A,C). In particular, the observation shows higher fraction (nearly 10%–20% higher) of snow cover over the northern Siberia and the mid-latitude belts between 40 and 50°N over Eurasia. Difference in snow depth between the observation and simulations is also evident; that is, the BCC-CSM2-MR model generally overestimates the snow depth over the area to the north of 50°N (Figures 16B,D).
[image: Figure 16]FIGURE 16 | The climatological ON mean (A) fractional snow cover (units: %), (B) snow depth (units: m) of observation, the simulated (C) fractional snow cover (units: %), and (D) snow depth (units: m) from BCC-CSM2-MR simulations. The standard deviation of ON mean (E) fractional snow cover (units: %), (F) snow depth (units: m) of observation, the simulated standard deviation of (G) fractional snow cover (units: %), and (H) snow depth (units: m) from BCC-CSM2-MR simulations.
The spatial pattern of standard deviation of snow cover fraction between the simulation and observation is rather different (Figures 16E,G). The standard deviation is generally overestimated over the region from Eastern Europe to the central Siberian plateau and underestimated over the eastern Siberian plateau in the simulations. The standard deviation of the simulated snow depth is generally overestimated when compared to the observation (Figures 16F,H). It is also noted that the SVD modes of autumn snow cover in observation and model simulation are rather different (Figures 6, 14). The snow deficiency may be related to precipitation generation and/or land-surface parameterizations for accumulating snowfall in the model. Poor snowfall and snow cover representation in the BCC-CSM2-MR model results in weak or incorrect dynamical responses in the atmosphere. Future modeling studies should focus on assessing this snow cover/snowfall issue.
SUMMARY AND DISCUSSION
In this paper, we compared the connection between diverse SH inter-annual variation modes with pre-autumn and simultaneous winter Eurasian snow cover in observations and the BCC-CSM2-MR coupled climate model simulations under pre-industrial conditions from the CMIP6 project. Observational evidence shows that inter-annual variability of the winter SH exhibits three distinct modes, the uniform mode, the north–south dipole mode, and the west–east dipole mode, during 1979–2019. For the connection between the observed SH modes with simultaneous Eurasian snow anomalies in winter, the results imply that the SH modes actually force the variation in snowpack. Moreover, different spatial distribution of precursory Eurasian snowpack anomalies in the preceding autumn can be detected for the different SH modes in winter, and the possible physical connection between the autumn Eurasian snow and winter SH variations is found through transient eddy forcing response and troposphere–stratospheric interaction.
Moreover, it is found that the BCC-CSM2-MR models can capture the observed uniform mode of the SH well, but fail to reproduce the other two SH modes (i.e., the north–south and west–east dipole modes) in winter. The simulated SH-EOF1 mode features a uniform pattern over the Siberian region as that in observation. The simulated SH-EOF2 mode shows a northeast–southwest dipole pattern, which is different from the observed north–south dipole mode. The simulated SH-EOF3 mode shows a northwest–southeast dipole pattern, whereas the observed SH-EOF3 mode features a west–east dipole pattern. Also, the BCC-CSM2-MR model cannot reproduce the observed diverse connections between the winter SH and preceding autumn Eurasian snow variations, which is possibly related to the poor ability of the model in simulating the Eurasian snow cover fraction and snow depth. Since the autumn Eurasian snow cover anomalies play an important role in modulating the winter SH and thus East Asian winter monsoon variability, the poor performance of BCC-CSM2-MR in simulating the autumn snow–winter SH connections may affect the seasonal prediction skill of East Asian winter monsoon and surface climate.
In this study, we just explored the possible statistic connection between three types of SH modes with precursory and simultaneous Eurasian snow anomalies in observations and BCC-CSM2-MR coupled model simulations as Furtado et al. (2015). Further studies are still required to systematically understand how different Eurasian snow distributions modulate the diverse SH modes. Moreover, this study diagnosed the presence of the Eurasian snow–SH connection in the state-of-the-art BCC-CSM-MR model participating in CMIP6, while the performance of other CMIP6 models remains unclear. Furtado et al. (2015) demonstrated that the CMIP5 coupled models underestimate the variability of October Eurasian snow cover and thus cannot simulate lagged winter atmospheric responses to the October Eurasian snow cover variability. Jiang et al. (2020) revealed that current CMIP6 models still underestimate the strength of the East Asian winter monsoon when compared to the CMIP5 models. However, whether the biases are related to the poor performance of the model in simulating the snow–SH connections are needed to be explored in future works.
As a word of caution, this study just focused on examining the connections between the Eurasian snow cover anomalies and the diverse SH modes, and their relationships may be influenced by other external forcings. For example, recent studies have indicated that Arctic sea ice and North Atlantic SST anomalies can exert substantial impacts on the atmospheric circulation and climate anomalies over Eurasia (e.g., Mori et al., 2014; Wu et al., 2013; Sun et al., 2016; Chen and Wu, 2018). It is also worth mentioning that the observational result derived from the uncoupled ERA5 reanalysis is affected by both forced variability and internal variability, while the model output used in this study only includes unforced variability. Further analysis by using coupled reanalysis data is needed to interpret model performances in capturing the possible connections.
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