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The present study investigates the impacts of autumn-winter Tibetan Plateau (TP) snow cover anomalies on the interannual variability of the East Asian winter monsoon (EAWM). It is found that the northern component of EAWM is significantly associated with October-November-December-January (ONDJ) snow cover anomalies over the eastern TP, whereas the TP snow cover changes have little impact on the southern component of EAWM. However, the relationship of the northern component of EAWM to ONDJ TP snow cover experienced an obvious change in the mid-1990s. During 1979–1998, due to the high persistence of TP snow anomalies from autumn to winter, extensive ONDJ TP snow cover anomalies have a prominent influence on atmospheric circulation over Asia and the North Pacific, with more TP snow cover followed by an enhanced Siberian high and a deepened Aleutian low in winter, resulting in stronger EAWM. During 1999–2016, TP snow cover anomalies have a weak persistence. The atmospheric circulation anomalies display a different distribution. As such, there is a weak connection between the northern component of EAWM and the TP snow cover anomalies during this period.
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INTRODUCTION
The Tibetan Plateau (TP) is the highest plateau on earth with an average altitude over 4,000 m above sea level. Due to its high elevation, the TP is covered by snow in most of the year (Wang C. et al., 2017). As an important lower boundary condition, snow anomalies may change the surface energy budget and hydrological cycle, and induce both local and remote atmospheric responses (Barnett et al., 1989; Yasunari et al., 1991).
The impacts of the TP snow cover on global climate have received considerable attention. Numerous studies investigated the relationship between the TP snow cover and the Indian summer monsoon (e.g., Blanford 1884; Fasullo 2004; Zhao and Moore 2004) and the East Asian summer monsoon (e.g., Wu and Qian 2003; Wu and Kirtman 2007; Xiao and Duan 2016; Wang et al., 2018). The snow cover anomalies over the TP can also influence surface air temperature (SAT) variations over North America (e.g., Lin and Wu 2011; Qian et al., 2019; Wang et al., 2020), but the linkage between them is not stationary (e.g., Qian et al., 2019; Wang et al., 2020). Qian et al. (2019) showed that the connection between the TP autumn snow cover and the North America winter SAT is weakened after the mid-1990s. Wang et al. (2020) detected that the impact of the TP snow cover on the North America SAT in spring experienced a weakening in the mid-2000s. In addition, observational and numerical studies suggest that the TP snow anomaly can trigger near-global atmospheric circulation patterns, such as the Pacific-North American (PNA)-like teleconnection (e.g., Lin and Wu 2011; Wu et al., 2011; Liu et al., 2017) and the Western Pacific-like teleconnection (e.g., Liu et al., 2020).
Most of previous studies are concentrated on the impacts of the TP snow on summer monsoon. The effects of snow cover anomalies over the TP on the East Asian winter monsoon (EAWM) are rarely studied. The EAWM is one of the most active components in the global climate system during boreal winter, and it exerts large impacts on the Asia-Pacific winter climate (e.g., Lau and Chang 1987). Thus, it is valuable to investigate whether and how the TP snow cover anomalies influence the EAWM variability, and whether the relationship between the TP snow and EAWM has experienced interdecadal changes in the past? Furthermore, previous studies have demonstrated that the EAWM variability is dominated by two distinct components: the northern (mid-latitude) and southern (low-latitude) components (e.g., Wang et al., 2010; Liu et al., 2012; Chen et al., 2014a) and the two components have notably different circulation systems and factors (e.g., Liu et al., 2012, 2013; Chen et al., 2014a, 2014b; Chen et al., 2019). Additionally, climate anomalies associated with the two components of EAWM are also different. Chen et al. (2014a) found that when the northern component of EAWM is strong, significant cooling occurs over northwest and northeast China and significant warming is confined to southwestern China. However, when only the southern component of EAWM is strong, significant warming is observed in northeast China and the surface air anomalies are small over other regions of China. Therefore, to better understand the TP snow cover-related EAWM variability, it is necessary to consider the two components of the EAWM separately.
DATA AND METHODS
The original weekly Northern Hemisphere snow cover data are acquired from the National Snow and Ice Data Center (NSIDC) (Brodzik and Armstrong 2013) (http://nsidc.org/data/). The data spans the period from October 1966 to December 2017, with a spatial resolution of 25 km. We have converted the raw snow cover data to monthly mean on regular 1° × 1° grids for our analyses. The monthly mean atmospheric data used in this study are from the National Centers for Environmental Prediction-Department of Energy (NCEP-DOE) Reanalysis-2, spanning the time period from 1979 to present (Kanamitsu et al., 2002) (https://www.esrl.noaa.gov/psd/). The variables include winds and geopotential heights at pressure levels, sea level pressure (SLP), surface air temperature (SAT), surface latent heat flux, surface sensible heat flux, upward and downward shortwave radiation, upward and downward longwave radiation and precipitation rate. The resolution of the NCEP-DOE reanalysis data is 2.5° × 2.5° for pressure level variables. The surface variables have a resolution of T62. The period of analysis in this study is from 1979 to 2016, and the winter of 1979 refers to the three months from December 1979 to February 1980. Since we focus on the interannual variability, all the variables are filtered by a 9-years high-pass Lanczos filter (Duchon 1979).
Following Chen et al. (2014a), we used area-mean 1000hPa meridional wind anomalies in December-January-February (DJF) over the regions of 10°–25°N, 105°–135° E (hereinafter, Sindex) and 35°–55°N, 110°–125°E (hereinafter, Nindex) to represent the southern and northern components of the EAWM variability, respectively. Note that these two indices have been multiplied by -1 so that a positive (negative) value of the index corresponds to a strong (weak) EAWM. The Aleutian low index is defined as the regionally averaged winter SLP anomaly over the region 30°–50°N, 160°–210°E. The Pacific-North American pattern (PNA) index is produced by the Climate Prediction Center (CPC, https://www.cpc.ncep.noaa.gov/).
The total atmospheric column heat source (Q1) defined by Zhao and Chen (2001) is applied to examine the effect of snow cover anomalies on the atmosphere. Q1 is calculated as follows:
[image: image]
SH denotes sensible heat flux at the surface, [image: image] refers to the net radiation in the atmospheric column, and LP represents the condensation-released latent heat.
RESULTS
Relationship Between the Tibetan Plateau Snow Cover and East Asian winter monsoon
To explore the relationship between autumn-winter TP snow cover and the two components of the EAWM variability during 1979–2016, a correlation analysis was performed for October-November-December-January (ONDJ) TP snow cover anomalies with respect to the winter Nindex and Sindex separately (Figures 1A,B). The Nindex displays a significantly positive correlation with snow cover in the eastern TP (Figure 1A), whereas the Sindex shows a weak correlation over almost the whole TP (Figure 1B). Based on the distribution of significant correlation coefficients, we choose the region of 31°–37°N and 86°–98°E (denoted by the box in Figure 1A) as a key region to analyze the influence of TP snow cover anomalies on EAWM variability. The selected key region also shows a large standard deviation of the interannual variation of snow cover in ONDJ (figure not shown).
[image: Figure 1]FIGURE 1 | Correlation coefficients between the ONDJ snow cover anomalies over the Tibetan Plateau and the Nindex during 1979–2016 (A), 1979–1998 (C), and 1999–2016 (D), and those between the ONDJ snow cover anomalies over the Tibetan Plateau and the Sindex during 1979–2016 (D). The dotted regions represent the correlation coefficients significant at the 95% confidence level. The box denotes the key region over the Tibetan Plateau that is used to define the SCI.
To illustrate why we focus on the TP snow cover in ONDJ, area-mean snow cover anomalies in the TP key region are constructed for months from September to the following February. Then, we calculate the month-to-month correlation coefficients between those area-mean snow cover anomalies (Table 1). The correlation coefficient between September and October is significant at the 90% confidence level and that between January and February is significant at the 95% confidence level. The other correlation coefficients between October and November, between November and December, and between December and January are all significant at the 99% confidence level. This implies a month-to-month persistence of snow cover anomalies during September through January, consistent with previous studies (e.g., Wang et al., 2019). According to the magnitude of 1-month lag correlation coefficient, we combine the snow cover anomalies in the four months of October, November, December and January in analyzing the TP snow cover influences.
TABLE 1 | Correlation coefficients between the neighboring month snow cover from September to February of the following year in the selected key region over the eastern TP for 1979–2016. Symbol “*”, “**” and “***” denote correlation coefficients significant at the 90, 95 and 99% confidence level.
[image: Table 1]An ONDJ TP snow cover index (SCI) is defined as area-mean ONDJ snow cover anomalies over the key region to represent the TP snow cover variation. During 1979–2016, the correlation coefficient of Nindex and Sindex with ONDJ TP SCI is 0.42 and 0.07, respectively, with the former reaching the 99% confidence level. This indicates that there is a close relationship between the ONDJ TP snow cover anomaly and the northern component of EAWM, but the TP snow cover has a weak effect on the southern component of EAWM.
Similar domains have been used in previous studies in defining snow cover indices to study the relationship between the TP snow cover and climate. Qian et al. (2019) calculated an area mean SCI in the region of 27.5°–36.0°N and 88.5°–100.5°E based on the spatial distribution of both climatological mean snow amount and the standard deviation of interannual variation of snow cover in autumn. According to the loading of the first EOF mode of autumn-winter mean snow cover, Wang et al. (2019) used area mean snow cover anomalies averaged over the central eastern region as an SCI. In the present study, we choose the region based on the distribution of significant correlation between the northern component of EAWM and the ONDJ TP snow cover.
The statistical relationship between the ONDJ TP snow cover and EAWM variations appears unsteady. The changing relationship is illustrated in Figure 2 that displays the sliding correlation between the ONDJ TP SCI and the Nindex and Sindex of the EAWM with a 21-years window. The SCI-Nindex correlation remains significant positive before the mid-1990s, but it weakens dramatically around the mid-1990s and becomes insignificant after the mid-1990s (Figure 2, solid line). In contrast, the SCI-Sindex correlation is weak and insignificant during the period of analysis though its magnitude shows changes (Figure 2, dashed line). This result reconfirms that the southern component of EAWM does not have an obvious relationship to the TP snow cover during 1979–2016. Thus, we focus on the effects of the TP snow cover on the northern component of EAWM in the following analysis.
[image: Figure 2]FIGURE 2 | The 21-years sliding correlation between the ONDJ TP SCI and the Nindex (solid line) and Sindex (dashed line) of EAWM. The years are labeled based on the central year of the 21-years window. The horizontal dashed lines indicate correlation coefficient the 95% confidence level.
To understand the interdecadal changes in the ONDJ TP snow cover-northern component of EAWM connection, we separate the analysis period (1979–2016) into two subperiods, 1979–1998 as the high correlation period and 1999–2016 as the low correlation period. These two epochs are selected because the difference of the correlation achieves large contrast between the neighboring periods. The correlation coefficient between the ONDJ TP SCI and Nindex is 0.57 and 0.22, respectively, for the above two subperiods. Only the former exceeds the 99% confidence level. The changing relationship between the ONDJ TP snow cover and the northern component of EAWM can be verified by the spatial distributions of correlation coefficients between the ONDJ TP snow cover anomalies and Nindex during 1979–1998 and 1999–2016 as shown in Figures 1C,D. Apparently, the correlation with the Nindex is significant positive over the eastern TP during 1979–1998 (Figure 1C), but becomes weak during 1999–2016 (Figure 1D).
Processes Connecting the Tibetan Plateau Snow Cover to East Asian Winter Monsoon During 1979–1998
Previous studies pointed out that the impacts of snow on climate in local and remote regions are through modulating local atmospheric column heating (e.g., Xiao and Duan 2016; Wang et al., 2018; Qian et al., 2019). In this section, in order to understand the plausible physical processes that link the ONDJ TP snow cover to the northern component of EAWM for the period 1979–1998, we illustrate first the concurrent influence of TP snow cover anomalies on local atmospheric thermal condition. Then, we analyze the winter atmospheric circulation anomalies associated with the ONDJ TP snow cover anomalies and document their role in connecting the TP snow cover and EAWM variability.
Figure 3 presents anomalies of surface heat fluxes as well as anomalies of SAT and Q1 obtained by regression on SCI. Positive TP snow cover anomalies in the key region are accompanied by increased upward shortwave radiation flux (USWR, Figure 3A), which is attributed to the snow-albedo effect. Upward longwave radiation (ULWR) is reduced (Figure 3B) following the land surface temperature decrease (figure not shown), which is attributed to the absorption of less shortwave radiation by the land surface. Upward sensible heat flux (SHF) decreases notably (Figure 3C) due to the snow interception of heat exchange and the decrease of surface temperature. Latent heat flux (LHF) anomalies are small (Figure 3D). As a consequence, positive snow cover anomalies cool the near-surface air (Figure 3E). Corresponding to more snow cover, significant negative Q1 anomalies are observed over the eastern Plateau (Figure 3F). The correlation coefficient between SCI and area-mean Q1 in the same domain as the SCI in ONDJ is -0.69, exceeding the 99% confidence level. These results confirm the cooling effect of more snow cover on local atmospheric column.
[image: Figure 3]FIGURE 3 | Interannual anomalies of (A) upward shortwave radiation flux (Wm−2), (B) upward longwave radiation flux (Wm−2), (C) sensible heat flux (Wm−2), (D) latent heat flux (Wm−2), (E) surface air temperature (×10, °C), and (F) Q1 (Wm−2) in ONDJ obtained by regression on the ONDJ TP SCI for the period 1979–1998. The dotted regions denote that anomalies are significant at the 95% confidence level. The box denotes the key region over the Tibetan Plateau that is used to define the SCI.
The cooling effect directly modulates the upper-level atmospheric state, which, in turn, may induce atmospheric circulation changes in remote regions. Figure 4 shows 500 hPa geopotential height, SLP, and 850 hPa wind anomalies in winter obtained by regression against the ONDJ TP SCI during 1979–1998. Corresponding to more snow cover over the eastern Plateau, negative height anomalies dominate the coastal East Asia and the northern North Pacific, and large positive height anomalies are observed over northern Eurasia and North America (Figure 4A). Such a circulation anomaly pattern indicates a deepened East Asian trough and an enhanced ridge around the Ural Mountains. When the SCI is high, significant positive SLP anomalies are seen around the Lake Baikal and significant negative SLP anomalies occur over the northern North Pacific, reflecting an enhanced Siberian high and a deepened Aleutian low (Figure 4B). Previous modeling studies revealed that the autumn-winter TP snow cover is closely associated with the winter Aleutian low variability (e.g., Yasunari et al., 1991; Walland and Simmonds 1996). Corresponding to the deepened Aleutian low, an anomalous cyclone is seen over the northern North Pacific (Figure 4C). The contrast of SLP anomalies over the Eurasian continent and the Aleutian low enhances the zonal gradient of SLP over East Asia, indicating a stronger EAWM. Indeed, significant northerly wind anomalies prevail over the coast of East Asia (Figure 4C). We have performed a regression analysis of winter atmospheric circulation with respect to ONDJ area-mean Q1 in the selected TP key region (figures not shown). The results are generally similar to those shown in Figure 4. This confirms that snow cover anomalies modulate the atmospheric circulation in local and remote regions through changing local atmospheric column thermal state.
[image: Figure 4]FIGURE 4 | Interannual anomalies of winter (A) 500°hPa geopotential height (m), (B) SLP (hPa) and (c) 850°hPa wind (ms−1) obtained by regression on the ONDJ TP SCI for the period 1979–1998. (d) Difference of winter 500°hPa geopotential height (m) between the sensitivity experiment and control experiment based on the last 14-years simulations of the CAM model. The wind vector scale is shown on the top-right corner in (C). The dotted regions in (A, B) and the shaded regions in (C) denote that anomalies of geopotential height in (A), SLP in (B) and either u wind or v wind in (C) are significant at the 95% confidence level.
To confirm the role of the TP ONDJ snow cover anomalies on EAWM variations, we perform numerical experiments using the Community Atmospheric Model of version 5.0 (CAM5). The model is developed by the National Center for Atmospheric Research (Eaton 2011) with an approximately 1.9° × 2.5° latitude-longitude spatial resolution and 31 vertical levels. We perform one control experiment and one sensitivity experiment. In all experiments the model is integrated for 15°years. Since the albedo effect is the main way that snow cover affects the atmospheric variation, the albedo in the sensitivity experiment is set as 0.9 of that in the control experiment over the eastern Tibetan Plateau (see the box in Figure 1C) in ONDJ to represent the influence of positive TP snow cover anomalies. The model response derived as the difference between the sensitivity and control experiment displays negative height anomalies over the TP and the mid-latitude North Pacific and positive height anomalies over the northern Siberia, high-latitude North Pacific and Northern America (Figure 4D). The above distribution of height anomalies indicates an enhanced ridge around the Ural Mountains and a deepened East Asian trough, which agrees with that obtained in the observations (Figure 4A vs. Figure 4D).
Based on the above analyses, we propose the following processes connecting ONDJ snow cover anomalies over the eastern TP to winter Asian climate anomalies. The snow cover anomalies over the eastern TP have a significant cooling effect on local atmospheric column. The atmospheric cooling stimulates anomalous atmospheric circulation over East Asia and the North Pacific regions, leading to changes in the Aleutian low, the Siberian high, Ural ridge, and the East Asian trough. Chen et al. (2014a) pointed out that the northern component of EAWM is mainly affected by the above mentioned mid-latitude circulation systems. Thus, the ONDJ TP snow cover anomalies impose an impact on the northern component of the EAWM variability in 1979–1998.
Note that the spatial distribution of the atmospheric circulation anomalies in Figure 4A shows a PNA-like structure over the North Pacific through North America. In fact, previous observational and numerical studies have already demonstrated that autumn and winter positive TP snow cover anomalies can lead to a remote equivalent barotropic PNA response in winter (e.g., Lin and Wu 2011; Wu et al., 2011; Liu et al., 2017). Liu et al. (2017) suggested that the PNA responses result mainly from the eastward propagation of Rossby wave energy forced by TP snow forcing and winter transient eddy feedback.
Why Is the Relationship Between the Tibetan Plateau Snow Cover and EAWM Weak During 1999–2016?
To understand how anomalous TP snow cover influences the EAWM variation differently between 1979–1998 and 1999–2016, the same analysis is conducted for 1999–2016. During 1999–2016, when the SCI is high, the most prominent characteristic of both the 500 hPa height and SLP anomalies is a meridional dipole structure over the North Pacific, with positive and negative anomalies located north and south of approximately 45°N, respectively (Figures 5A,B). Positive height and SLP anomalies also extend westward to Asia (Figures 5A,B). Overall, there is no obvious change in the intensity of the East Asian trough (Figure 5A), the Siberian high and the Aleutian low (Figure 5B) in winter. Anomalous anticyclone and cyclone are present over the high-latitude and mid-latitude North Pacific, respectively (Figure 5C). The wind anomalies along the coast of East Asia are weak (Figure 5C), indicating a normal EAWM. Thus, the connection of the ONDJ TP snow cover with the EAWM variability is weak during 1999–2016.
[image: Figure 5]FIGURE 5 | As in Figure 4, but for 1999–2016.
In comparison, the influence of ONDJ TP snow cover on large-scale atmospheric circulation over the North Pacific is distinctly different between 1979–1998 and 1999–2016. Extensive more autumn-winter TP snow generates a PNA-like atmospheric response and induces a deepened Aleutian low in winter during 1979–1998 (Figures 4A,B). However, the PNA response is absent and there are no obvious anomalies in the intensity of the Aleutian low during 1999–2016 (Figures 5A,B). The correlation coefficient of winter PNA and Aleutian low index with the ONDJ SCI during 1979–1998 is 0.45 and −0.55, respectively, both exceeding the 95% confidence level, and that during 1999–2016 is −0.22 and −0.10, respectively, both of which are insignificant.
Why cannot the ONDJ TP snow anomalies trigger a winter PNA response and a deepened Aleutian low during 1999–2016? Liu et al. (2017) found that with TP snow cover anomalies in autumn or winter only, the winter PNA response is nearly absent or noticeably reduced, and the most significant PNA response requires persistent TP snow forcing from autumn to winter. To explore the persistence of TP snow cover anomalies in the two periods, we calculated the month-to-month snow cover correlation coefficient for the two epochs, respectively. In the former period, except for the correlation coefficient between September and October, the other correlation coefficients between neighboring month snow cover anomalies are all significant (Table 2). This means that the TP snow cover anomalies have a high persistence from October to February during 1979–1998, which is favorable for generating a robust PNA-like response in winter (Figures 4A,B). However, in the latter period, only the correlation coefficient between October and November is significant, the other correlation coefficients are all insignificant (Table 3). Thus, the persistence of TP snow cover anomalies is weak during 1999–2016. As a consequence, TP snow forcing in autumn or winter does not produce a PNA-like winter response during this period (Figures 5A,B).
TABLE 2 | As in Table 1, but for 1979–1998.
[image: Table 2]TABLE 3 | As in Table 1, but for 1999–2016.
[image: Table 3]SUMMARY
The present study investigates the impacts of the autumn-winter TP snow cover anomalies on the two components of the EAWM variability on the interannual time scale. A close relationship is identified between the ONDJ snow cover anomalies in the eastern TP and the northern component of the EAWM variability. However, the southern component of EAWM does not appear to be related to the autumn-winter TP snow cover anomalies. The relationship of the northern component of EAWM to the anomalous ONDJ TP snow cover experienced an obvious change in the mid-1990s. The relationship is strong and statistically significant before the mid-1990s, whereas the connection is weak and insignificant after the mid-1990s. Thus, the target period (1979–2016) is divided into two subperiods, 1979–1998 as the high correlation period and 1999–2016 as the low correlation period.
During 1979–1998, the TP snow cover anomalies have high persistence from October to February. Extensive more autumn-winter snow cover over the eastern TP induces persistent cooling in local atmospheric column and has a prominent influence on downstream atmospheric circulation over Asia and the North Pacific. The remote atmospheric responses in winter are mainly characterized by an enhanced Siberian high and a deepened Aleutian low, which result in stronger EAWM. During 1999–2016, due to weak persistence of TP snow cover anomalies from autumn to winter, the winter PNA-like response is nearly absent and the atmospheric circulation anomalies are relatively weak over East Asia. Thus, the connection between the northern component of EAWM and the ONDJ TP snow cover is weak during this period. For the recent two winters (2018/19 and 2019/20), the snow cover on the Tibetan Plateau is extremely above normal, while the value of Nindex is 0.12 and −1.62, respectively, for 2018/19 and 2019/20 winters, which is consistent with the weak statistical relationship during 1999–2016. Note that the percent variance of northern component of EAWM variability explained by ONDJ TP SCI is about 32% during 1979–1998. In addition, the northern component of EAWM is also affected by other factors, such as autumn Arctic sea ice concentration change (Chen et al., 2014b) and summer North Atlantic SST anomalies (Chen et al., 2019).
The analysis of Wang et al. (2019) illustrated that the opposite-sign sea surface temperature (SST) anomalies in the eastern North Pacific and western North Atlantic play an important role in the formation of snow cover anomalies over the central eastern TP in autumn. The SST anomalies in these regions may excite a wave train that extends to the TP and causes anomalous circulation and vertical motion, leading to anomalous snowfall over the eastern TP. It is worthy to note that the spatial distribution of atmospheric circulation anomalies over the North Pacific in Figures 5A,B shows a North Pacific Oscillation/western Pacific (WP)-like structure. Previous studies have already reported that the TP snow cover anomalies can lead to a WP-like response (e.g., Wang Z. et al., 2017; Liu et al., 2020). Why did the ONDJ TP snow forcing trigger a winter PNA response in 1979–1998 but a WP response in 1999–2016? Additionally, why is the persistence of TP snow cover anomalies from autumn to winter strong in 1979–1998 but weak in 1999–2016? Further studies are needed to address the above issues.
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