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In this study, the relationship between Eurasian spring snowmelt and the East Asian summer monsoon (EASM), and its related mechanisms are investigated using observational and reanalysis data. Our analyses reveal that the interannual change of spring snowmelt over Eurasia is strongly linked to the EASM circulation variation and its corresponding summer precipitation in China. It is noteworthy that soil moisture anomaly caused by the snow hydrological effect (i.e., snowmelt) plays a bridging role in connecting the Eurasian snow cover and the EASM. The results show that increased spring snowmelt over Siberia induces anomalously higher soil moisture from spring to the following summer, thus continuously lowering the local temperature. Such a cooling effect leads to a weakened meridional temperature gradient and a decreased baroclinicity between north Eurasia and the Arctic Ocean. Consequently, the variation in atmospheric baroclinicity induced by the nonuniform heating of land surface exerts a significant impact on the synoptic eddy. The eddy forcing gives a positive feedback on intensification of the wave train over north Eurasia. Finally, the atmospheric circulation responses weaken the EASM and influence summer precipitation over China, producing excessive precipitation over most regions of South China and deficient rainfall over Northeast and North China. Our study emphasizes the hydrological effect of the sub-seasonal change of spring snow cover over Siberia, which has a significant linkage to the variation of the EASM intensity. The resultant changes in the EASM lead to an abnormal meridional dipole pattern of summer precipitation over China. These findings will contribute to the seasonal prediction of monsoon precipitation.
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INTRODUCTION
The weather and climate over China are evidently influenced by variations of the monsoon system. Previous studies have shown that large-scale summer drought and flood disasters over China, which can result in tremendous economic losses and human casualties (Wang, 2006; Ding et al., 2009), are closely associated with the onset and intensity of the East Asian summer monsoon (EASM). Therefore, it is essential to explore the nature and cause of the interannual variability of the EASM.
The interannual variability of the Asian monsoon system can be affected by anomalous variations of lower boundary layer properties such as sea surface temperature, snow cover/snow depth, and soil moisture (Wang et al., 2000; Wu et al., 2012; Xiao and Duan 2016; Moon and Ha 2019). Among them, snow cover exerts a great impact on the interannual variability of the monsoon owing to its abilities to alter surface albedo and regulate soil moisture (Xu and Dirmeyer 2011; Wu et al., 2014; Henderson et al., 2018). High albedo reflects more solar radiation, while melting snow absorbs heat and increases soil moisture. In addition, snow cover on the surface will also affect the release of sensible heat between land and atmosphere because of the low thermal conductivity of the snowpack. These local cooling effects, in turn, have been suggested to play a significant role in global-scale climate as well as region climate (Gong et al., 2003; Cohen et al., 2014). Eurasian snow cover has been revealed to significantly influence the Asian summer monsoon (Douville and Royer 1996; Liu and Yanai 2002; Souma and Wang 2010). For the Indian monsoon, numerous analyses have shown that there generally exists a negative correlation between the Eurasian snow cover and the subsequent Indian summer monsoon, indicating that excessive (deficient) Eurasian snow cover/snow depth from winter to spring is followed by weak (strong) Indian summer monsoon rainfall (Sankar-Rao et al., 1996; Fasullo 2004; Dash et al., 2006; Saha et al., 2012). A large amount of numerical simulations have suggested that the abnormal surface thermal states induced by such snow cover anomalies can affect the atmospheric circulation, consequently causing monsoonal precipitation anomalies (Barnett et al., 1989; Bamzai and Marx 2000; Xu and Dirmeyer 2013).
For the East Asia monsoon, previous studies showed that anomalies of Eurasian snow cover have a significant impact on the monsoon precipitation in different regions (Yang and Xu 1994; Kripalani et al., 2002; Wu et al., 2009; Zuo et al., 2014). For example, Wu and Kirtman (2007) found that the snow cover anomalies over western Siberia are associated with an obvious abnormal circulation pattern over the eastern Atlantic through Eurasia, which leads to anomalous spring rainfall in South China. By using snow cover data from National Oceanic and Atmospheric Administration (NOAA) satellites, Yim et al. (2010) noted that the variation of an abnormal dipole pattern of snow cover over Eurasia is closely related to the EASM precipitation over Korea and Japan. Shen et al. (2020) found that an anomalously lower snow water equivalent over Siberia leads to higher temperature from the surface to the mid-troposphere, forming a Rossby wave train response and then leading to below-normal summer rainfall in South-Central China.
Snow cover affects the monsoon circulation system/climate mainly through the albedo effect and snow hydrological effect (Groisman et al., 1994; Wang et al., 2015). Previous studies have emphasized a robust relationship between winter/spring Eurasian snow cover and the East Asian climate, and have attempted to illustrate the relative potential mechanism. However, whether the albedo effect or the snow hydrological effect is more important still remains unclear. Robock et al. (2003) concluded that the albedo of snow cover is more significant because the snow hydrological effect can last for only one to two months. To support this conclusion, Liu et al. (2004) performed regional climate simulations and showed that the effect of albedo dominates the process during which snow cover affects climate, while the effects of snowmelt and evaporation are relatively less important. Nevertheless, some other studies tended to show that the snow hydrological effect is more significant (Bamzai and Marx 2000; Dash et al., 2006), and the albedo effect of snow cover becomes dominant only at a certain stage or in a certain region (Ose 1996; Souma and Wang 2010). For example, Wu et al. (2014) and Zhang et al. (2008) suggested that soil moisture anomalies are likely to be caused by snowmelt in spring and then maintained to summer, finally producing abnormal variations in the summer precipitation. Halder and Dirmeyer (2017) showed that snow cover in Eurasia can affect soil moisture through the lagged hydrological effect, resulting in the abnormal Indian summer monsoon circulation and thus precipitation anomalies.
Previous studies mainly focus on the effects of snow cover on climate at the seasonal scale, while the sub-seasonal change of snow cover (i.e., snowmelt) and its influences are less investigated. It is worth mentioning that snow cover in Eurasia exhibits little change during the three months in winter but shows evident sub-seasonal variations in other seasons, especially in spring (Mu and Zhou 2010). During March, April, and May, snow cover variation can be characterized by a snowmelt starting from southern to northeastern Eurasia, and a large amount of snow cover has disappeared by May. Under such a condition, studies on spring snow cover in Eurasia relying on the seasonal averages may erase inter-monthly differences. For instance, Dey and Kummar (1982) found that an anomalously larger snow cover area in spring over Eurasia plays an important role in retarding the development of the Indian summer monsoon, while a similar change in the snowmelt area has stronger contrary effect. Thus, spring snowmelt may be more suitable to represent the sub-seasonal variation of snow cover.
Zhang et al. (2017) have already indicated that a decrease of spring snow water equivalent in Eurasia can affect the East Asian summer precipitation and its associated abnormal atmospheric circulation via triggering an anomalous midlatitude Eurasian wave train. However, its effects on the EASM circulation system, the dominant factor of summer precipitation over East Asia, still remain unclear. The purpose of the present study is to investigate the effect of spring snowmelt on the EASM system and discuss the possible physical mechanisms underlying it. The results show that a strong relationship exists between spring snowmelt over Eurasia and the EASM. To be more specific, when there is excessive snowmelt in spring over Siberia, the EASM weakens with more/less summer precipitations over southern/northern China, and vice versa. This is mainly due to the snow hydrological effect: The abnormally higher snowmelt changes the local soil moisture in spring, and such a soil moisture anomaly is sustained to summer. Consequently, a continuously cooling effect is induced over Siberia, which decreases the temperature gradient and baroclinicity between north Eurasia and the Arctic Ocean in summer. Therefore, the spring snowmelt exerts a great impact on the summer atmospheric states and the monsoon circulations.
The rest of this paper is arranged as follows. Data and Methods introduces the data and methods adopted in our study. Climatologies of Observed Snow Water Equivalent and Snowmelt in Spring Over Eurasia presents the basic features of spring snowmelt variations over Eurasia. Relationships Between the Eurasian Spring Snowmelt and the East Asian Summer Monsoon shows the relationship between the spring snowmelt over Eurasia and the EASM anomalies. The related mechanisms are investigated and demonstrated in The Effect of Snowmelt Over Eurasia on the East Asian Summer Monsoon. Summary and Discussion is the summary.
DATA AND METHODS
The data used in this study include: 1) The Finnish Meteorological Institute’s monthly snow water equivalent (SWE) dataset (Takala et al., 2011) from 1979 to 2014 that has an original resolution of 25 km × 25 km; in this study, by adopting the method of bilinear interpolation, we produced uniform grids with a resolution of 1° × 1°. 2) Monthly soil moisture dataset provided by the Global Land Data Assimilation System (GLDAS) V2.0 for the period 1948–2012 (1° × 1°; Rodell et al., 2004), which has been used previously in studies related to East Asian land surface processes (Wu and Zhang 2013; Cheng et al., 2015). The soil moisture information for the surface layer (0–10 cm) was used in this study. 3) The monthly reanalysis data with a resolution of 1° × 1° provided by the European Center for Medium-Range Weather Forecasts (ECMWF) from 1979 to 2015, whose variables include soil moisture, 2-m surface temperature, geopotential height, temperature, and wind fields. 4) The monthly observed precipitation data with a resolution of 1° × 1° provided by the China Meteorological Administration.
In this study, the spring snowmelt amount was calculated by subtracting the SWE in May from that in March, and if the value of the defined difference is positive, it represents the spring snowmelt amount. The seasonal means of other variables were calculated by 3-months averages: spring (March to May) and summer (June to August). The study period was set to be 1981–2014.
The scheme adopted in this study to calculate the apparent heat source, Q1 (Yanai et al., 1992), is shown as follows:
[image: image]
in which [image: image], R and [image: image] correspond to the gas constant of dry air and the specific heat at constant pressure, respectively, and θ is the potential temperature. Three terms are contained in the parentheses on the right side of the equation, corresponding to the local variation term, horizontal advection term, and vertical transport term. Q1 represents the rate of air heating per unit mass per unit time.
CLIMATOLOGIES OF OBSERVED SNOW WATER EQUIVALENT AND SNOWMELT IN SPRING OVER EURASIA
Groisman et al. (1994) proposed that snow cover exhibits the greatest influence on the Earth’s radiative balance in the spring period (especially April and May) when the incoming solar radiation is mainly concentrated in high-latitude regions (i.e., snow cover regions). Figure 1 illustrates the multi-year mean SWE and snowmelt in spring, and their interannual standard deviations for the period of 1981–2014 over Eurasia. In spring, the northern part of Eurasia is almost completely covered by snow, and it is evident that the snow cover is relatively deeper over the region north of 60° N, with the maximal amount reaching 150 mm (Figure 1A). In addition, there is little interannual variability over Siberia, while northern Europe has a large interannual variability due to the freezing/thawing of snow, suggesting that there are evident changes in the speed of local snowmelt (Figure 1C). During the springtime, the mean snowmelt is mainly concentrated in Siberia, and the maximal snowmelt amount reaches 100 mm, which is comparable to the snow cover amount in spring (Figure 1B). In western Siberia and Europe, there are strong interannual variabilities of snowmelt (Figure 1D), which means there exists significant interaction between snow cover and atmospheric circulation and related surface air temperature changes (Chen et al., 2016; Wu and Chen 2016). Thus, spring snowmelt variation over Siberia and its potential influences are worthy of attention.
[image: Figure 1]FIGURE 1 | The multi-year means of (A) SWE (mm) and (B) snowmelt (mm) in spring, and (C,D) their interannual standard deviations for the period of 1981–2014.
An empirical orthogonal function (EOF) analysis was further applied to investigate the Eurasian spring snowmelt variations. The first EOF mode (EOF1) of the spring snowmelt accounts for 20.5% of the total variance. According to North et al. (1982), this mode is well separated from others. Figure 2 shows the spatiotemporal features of the first two EOF modes of Eurasian spring snowmelt. The spatial pattern of EOF1 is characterized by a west-east dipole pattern, with a negative center located in the East European Plain and a positive center in Siberia (Figure 2A). As shown by the principal component of EOF1 (PC1), the anomaly pattern exhibits significant interannual variations (Figure 2B) with a significant upward long-term trend (correlation between the time and PC1 is 0.38, p < 0.05). This further suggests that a relatively large variation center of spring snowmelt is located over Siberia. The second EOF mode (EOF2) of the spring snowmelt accounts for 15.2% of the total variance. As shown in Figure 2B, the EOF2 of Eurasian spring snowmelt shows the three-pole type, with a positive center in Northern Europe and two negative centers at Central Europe and Siberia.
[image: Figure 2]FIGURE 2 | Spatial pattern of (A) the first EOF mode, (B) the second EOF mode of spring snowmelt anomaly over Eurasia, (C) and time series of the two modes of spring snowmelt.
RELATIONSHIPS BETWEEN THE EURASIAN SPRING SNOWMELT AND THE EAST ASIAN SUMMER MONSOON
Previous studies have presented that there are evident connections between snow cover over high-latitudes and the EASM (Wu and Kirtman 2007; Xiao and Duan 2016). Correspondingly, the East Asian summer precipitation and 850-hPa wind anomalies related to EOF1 of spring snowmelt were investigated with correlation analysis. As shown in Figure 3, the correlation coefficient pattern of wind filed with PC1 indicates that a weak cyclonic circulation exists in the south of 30° N in China, while the region around Lake Baikal is controlled by a strong anti-cyclonic circulation. When the PC1 phase is positive, there exist northeasterly (or northerly) wind anomalies from Northeast China, the Shandong Peninsula, the Bohai Gulf, and the middle to lower reaches of the Yangtze River to regions south of the Yangtze River, suggesting a weakened EASM activity. In contrast, when PC1 is negative, southwesterly wind anomalies become widely popular over East China and the Korean Peninsula, and the summer monsoon activity is strengthened. For the monsoon precipitation, the correlation distribution map of summer precipitation with PC1 shows a meridional dipole structure prevailing in the region between northern and southern China. When the snowmelt over Siberia is abnormally higher in spring, above-normal precipitation tends to be observed in south China and below-normal precipitation appears over north China, and vice versa. In addition, we recalculated our results based on the detrended data, and they are highly consistent with the results before removing the long-term trend.
[image: Figure 3]FIGURE 3 | The correlation coefficients between PC1 of the spring snowmelt over Eurasia and summer 850-hPa wind field (vector) over East Asia. The correlation coefficients between PC1 of the spring snowmelt over Eurasia and precipitation in eastern China are shaded. Dotted areas denote the correlation significant at the 95% confidence level.
According to Huang et al. (2015), the anomalous activity of the EASM has multi-spatial modes, and their results suggested that its second EOF mode (EOF2) shows consistent variation of summer wind over the extensive area extending from South China, across the middle-lower reaches of the Yangtze River, the Shangdong Peninsula, the Bay of Bohai Sea, to Northeast China and the Korean Peninsula, which represents the overall variation of EASM intensity. Figure 4 shows EOF1 and EOF2 of the 850-hPa wind and summer precipitation over eastern China corresponding to the PCs of the EASM wind. The EOF1 mode of the 850-hPa wind is characterized by enhanced northeasterly wind from the middle and lower reaches of the Yangtze River to southern China and strengthened westerly wind between 10°N and 20°N. The anomalous precipitation pattern related to PC1 show negative anomalies over the middle and lower reaches of the Yangtze River, and positive anomalies over the east of northeast China, the southeast coastal area, and western Yunnan. (Figure 4A). The EOF2 mode of the 850-hPa wind is shown in Figure 4B, and it demonstrates a cyclonic circulation and an anti-cyclonic circulation over the south and north of East Asia, respectively, which is generally consistent with the anomalous wind related to PC1 of Eurasian snowmelt. The correlation coefficient between PC1 of spring snowmelt over Eurasia and PC2 of summer 850-hPa wind over East Asia reaches 0.38 (figure not shown), which is statistically significant at the 95% confidence level. Figure 4B further shows the summer precipitation over eastern China corresponding to PC2 of the EASM wind. The precipitation anomaly generally exhibits opposite phases between southern and northern China. The spatial correlation coefficient between the summer precipitation anomalies related to PC1 of spring snowmelt and PC2 of the EASM is as high as 0.65 (p < 0.001) (figure not shown). Those above findings further confirm that Eurasian spring snowmelt has evident effects on the EASM and its related precipitation.
[image: Figure 4]FIGURE 4 | Spatial patterns (vectors) of the (A) first and (B) second mode of EASM, whichare given by the first two modes of the summer 850-hPa wind EOF analysis over East Asia. The correlation coefficients between time series of PC1 (PC2) and precipitation in eastern China are shaded in a (B). Dotted areas denote the correlation significant at the 95% confidence level.
To identify the key region of spring snowmelt affecting the EASM, Figure 5 demonstrates the spatial distribution of the correlation coefficient between spring snowmelt and PC2 of the EASM. As expected, the key area is mainly located in Siberia (as shown by the black box in Figure 5), which has a large coverage of positive correlations. To quantify the Eurasian snowmelt variability and its relationship with the EASM, we defined a snowmelt index (ISM) as the normalized area-averaged spring snowmelt over Siberia (55 –75 N and 60 –120 E). Figure 6 shows the PC2 of the EASM and ISM during 1981–2014. ISM is highly consistent with PC2 of the EASM, and their correlation coefficient is 0.55, which is statistically significant at p < 0.001. After removing their long-term trends, the correlation coefficient still reaches 0.45 (p < 0.05), verifying that the variation of EASM is distinctly associated with the spring snowmelt over Eurasia. Furthermore, the correlation distribution between ISM and summer 850-hPa wind over East Asia as well as that between ISM and rainfall in eastern China is shown in Figure 7. The correlation pattern more resembles the spatial distribution of EOF2 of the EASM and its corresponding precipitation anomalies, confirming that the key region where spring snowmelt affects the EASM lies over Siberia.
[image: Figure 5]FIGURE 5 | Correlation coefficients between PC2 of the EASM and the spring snowmelt over Eurasia. Dotted areas denote the correlation significant at the 95% confidence level.
[image: Figure 6]FIGURE 6 | The standardized time series of PC2 of the EASM over East Asia and the standardized time series of ISM during 1981–2014.
[image: Figure 7]FIGURE 7 | The correlation coefficients between ISM and summer 850-hPa wind field (vector) over East Asia. The correlation coefficients between ISM and precipitation in eastern China are shaded. Dotted areas denote the correlation significant at the 95% confidence level.
THE EFFECT OF SNOWMELT OVER EURASIA ON THE EAST ASIAN SUMMER MONSOON
SWE is a measure of water mass in the snowpack, and its characteristics determine the potential for the snow hydrological effect. In this study, we highlight the effect of spring snowmelt over Eurasia on the EASM circulation and precipitation, which can be attributed to the snow hydrological effect. It is found that the abnormal soil moisture over Eurasia induced by the spring snowmelt anomalies sustains itself to summer, affecting the local thermal state and thus the remote atmospheric circulation.
Figure 8A displays the regressed 0–10-cm soil moisture anomalies during summer onto ISM. Over Siberia, especially its western part, a significant increase in surface soil moisture occurs together with a large ISM. The connection between snowmelt and soil moisture supports the clear snow hydrological effect during the warming season: Excessive (deficient) snowmelt leads to wetter (drier) soil. It is similar to the results of Quiring and Kluver (2009), who found that an increase in snowfall during winter shows a positive correlation with the soil moisture in the subsequent summer in the northern part of the Great Plains. Along with the anomalous surface evapotranspiration associated with such a moistening (drying) of soil (figure not shown), there is a significant cooling (warming) in local air temperature in summer (Figure 8B).
[image: Figure 8]FIGURE 8 | Regression of (A) GLDAS-2.0 surface soil moisture (0–10 cm; mm), and (B) 2-m temperature (K) in summer onto ISM during 1981–2014. Dotted areas are significant at the 95% confidence level.
Soil moisture anomalies generated from snowmelt during spring can modulate land-atmosphere coupling (Xu and Dirmeyer 2011) and act as a delayed snow-driven feedback to the atmosphere in summer. To analyze the effect of snowmelt on the surface thermal conditions in spring and summer, we primarily investigated the apparent heating. Figure 9 shows the height-latitude section (averaged over 40°–140° E) of the regression of spring and summer Q1 anomalies onto ISM. As shown in Figure 9A, there exists a negative anomaly of Q1 from the ground surface to the overlying atmospheric column in spring, resulting in a vertical temperature structure characterized by a “cold source” from the ground surface to the 500-hPa upper troposphere. In summer, the pattern of the apparent heating anomalies is quite similar to that in spring, but the corresponding strength in summer is only half of that in spring (Figure 9B). It is in agreement with previous studies which show that Eurasian snowmelt may directly increase soil moisture, and then affect soil temperature during warming seasons, thereby leading to the reduction of surface air temperature and tropospheric diabatic heating (Saito and Cohen 2003; Zuo et al., 2011).
[image: Figure 9]FIGURE 9 | Regression of the height-latitude section (averaged over 40°–140° E) in (A) spring and (B) summer Q1 (10 −6k/mon) anomalies onto ISM during 1981–2014. Dotted areas are significant at the 95% confidence level.
Figure 10A illustrates that the near-surface thermal conditions associated with snowmelt substantially change the local temperature thickness of the lower troposphere between 700 and 1,000 hPa, with a notable cooling centered over western Siberia. The decreased summer temperature over Siberia further reduces the meridional temperature gradient between northern Eurasia and the Arctic Ocean, and simultaneously strengthens the meridional temperature gradient between the mid-latitude regions to northern Eurasia. Lindzen et al. (1980) pointed out that the atmospheric baroclinicity is closely related to the meridional temperature gradient of the atmosphere. We calculated the maximum Eady growth rate [image: image] between 850 and 700 hPa, which was used to characterize the atmospheric baroclinicity, as follows: [image: image] (where f is the Coriolis parameter, N is the Brunt–Väisälä frequency, [image: image] is the time-averaged horizontal wind speed, and z is the vertical height). Figure 10B shows the spatial distribution of the atmospheric baroclinicity index anomaly derived from the regression of ISM. Based on the principle of thermal wind and the definition of atmospheric baroclinicity, if the north–south temperature gradient decreases to the north, then the atmospheric baroclinicity weakens; if the north–south temperature gradient increases to the south, then the atmospheric baroclinicity strengthens.
[image: Figure 10]FIGURE 10 | Regression of (A) tropospheric temperature (K) averaged between 1,000 and 700 hPa, (B) atmospheric baroclinicity (day-1) at 700 hPa, (C) eddy kinetic energy (m2·s−2), and (D) eddy forcing at 500 hPa (10–4 m·s−1) in summer onto ISM during 1981–2014. Dotted areas are significant at the 95% confidence level.
Further analysis indicates that the variation in the atmospheric baroclinicity induced by the nonuniform heating of the land surface can have a significant impact on the eddy kinetic energy. We used the eddy kinetic energy (EKE), [image: image], to represent the strength of a perturbation activity. [image: image] and [image: image] refer to the anomalous zonal and meridional wind, respectively. As shown in Figure 10C, when the Eurasian spring snowmelt increases, the high-latitude (60°–90° N) meridional temperature gradient becomes significantly weakened, and the corresponding high-latitude atmospheric baroclinicity also decreases (Figure 10B), leading to a weakened synoptic eddy activity in the middle troposphere. In addition, previous studies have demonstrated that the synoptic eddy feedback plays a key role in maintaining the low frequency flow (Hartmann and Lo 1998; Lorenz and Hartmann 2003). To examine changes in the synoptic eddy feedback on low frequency flow, the eddy forcing, i.e., the eddy-induced geopotential height tendency, is calculated based on the quasi-geostrophic potential vorticity equation (Lau and Holopainen 1984; Lau and Nath 1991). An eddy forcing is calculated as follows: [image: image], in which [image: image] and [image: image] represent the synoptic-scale zonal and meridional winds and vorticity, respectively, f is the Coriolis parameter, and g is the acceleration of gravity. Figure 10D illustrates the regression of the 500-hPa eddy forcing onto ISM. It is evident that there is an eddy-induced cyclonic forcing over the high-latitude regions and an anticyclonic forcing over the middle and high latitudes. The summer eddy forcing anomaly associated with the spring ISM plays a key role in intensifying the wave train in north Eurasia. According to the wave-mean flow interaction theory, the transient eddies can induce low frequency anomalies of the geopotential height, and the vorticity transfer can enhance the such anomaly (Song et al., 2016). Figure 11 illustrates that at the 500-hPa geopotential height an evident midlatitude Eurasian wave train also prevails over the region from Scandinavia to East Asia, with a negative center located over the Central Siberian Plateau and a positive center over Mongolia. This anomaly pattern is similar to that in Figure 10D, which confirms a positive feedback of the eddy forcing anomaly to the atmospheric wave train over Eurasia. The eddy forcing-induced negative anomalies of geopotential field over high latitude regions further induce a positive geopotential height anomaly from Lake Baikal to the Northeastern China, contributing the weakening of the EASM (Song et al., 2016; Chen et al., 2017). These results imply that the anomalous snowmelt-induced upper-level thermal anomalies can provide favorable dynamic conditions for the development of wave train pattern over East Asia, which tends to act as the atmospheric bridge linking the surface thermal forcing and the EASM.
[image: Figure 11]FIGURE 11 | Regression of 500-hPa geopotential height anomalies (gpm) in summer onto ISM during 1981–2014. Dotted areas are significant at the 95% confidence level.
To examine the EASM responses over East Asia, we further checked the summer wind anomalies associated with ISM. Figure 12A shows the zonal wind anomalies at 200 hPa regressed onto ISM. The Asian subtropical jet is normally located along the latitudinal band at 35°–45° N in summertime. The ISM corresponds to significant positive anomalies to the north of the subtropical jet and negative anomalies over the jet zone. These zonal wind anomalies suggest that weakened westerly jet occurs in summer when there is excessive spring snowmelt over Siberia, and vice versa. Indeed, such an anomalous subtropical jet in summer over East Asia is closely linked to the strength of the EASM (Liao et al., 2004; Xie et al., 2015). Accordingly, Figure 12B demonstrates the summer meridional wind at 850 hPa regressed onto ISM. With the increase of spring snowmelt over Siberia, eastern China mainly has a northerly wind anomaly, implying that the EASM is weakened. This prevents the northward moisture transportation in summer, causing precipitation surplus and deficit over southern and northern China (Figure 7), respectively. Figure 13 shows the relationships of ISM with summer precipitation over South China (20°–30° N and 110°–120° E) and North China (40°–55° N and 110°–135° E), respectively. In the period of 1981–2014, the spring snowmelt over Siberia has a strong positive relationship with summer precipitation over South China (r = 0.35, p < 0.05; Figure 13A significant negative correlation with summer precipitation over North China (r = −0.56, p < 0.001; Figure 13B). This indicates that when there is excessive snowmelt over Siberia, the summer rain band moves northward due to a weakened EASM. On the contrary, when there is abnormally deficient snowmelt over Siberia, the EASM will be intensified, consequently causing the monsoon precipitation to shift northward.
[image: Figure 12]FIGURE 12 | Regression of (A) 200-hPa zonal wind (ms−1) and (B) 850-hPa meridional wind (ms−1) anomalies in summer onto ISM during 1981–2014. Dotted areas are significant at the 95% confidence level.
[image: Figure 13]FIGURE 13 | Scatter plots (A) between ISM and the summer rainfall averaged over South China (20–30° N and 110–120° E), and (B) between ISM and the summer rainfall averaged over North China (40–55° N and 110–135° E) for the period of 1981–2014. All data were standardized for the correlation analysis.
SUMMARY AND DISCUSSION
In the current study, we explored the Eurasian spring snowmelt anomaly and its linkages to the EASM and the related summer precipitation over eastern China. Using the monthly observed SWE dataset, we defined the spring snowmelt amount to reflect the sub-seasonal change of snow cover. The basic characteristics of the anomalous variations of spring snowmelt over Eurasia were analyzed, and the possible mechanisms behind the impact of the anomalous spring snowmelt on the EASM were explored from the perspective of snow hydrological effect over Eurasia.
Results show that EOF1 of Eurasian snowmelt exhibits a west–east dipole pattern, with a negative center located over the East European Plain and a positive center over Siberia. This anomalous snowmelt pattern is significantly associated with EOF2 of the EASM, with the correlation coefficient between their principle components being 0.38. The further analysis verifies that the key region of spring snowmelt affecting the EASM is mainly located in Siberia. When there is more snowmelt in spring over Siberia, the summer monsoon activity generally becomes weakened, and there exists a dipole structure of summer precipitation in China (above-normal precipitation in the south and below-normal precipitation in the north). In contrast, associated with less spring snowmelt over Siberia, the overall summer monsoon activity becomes strengthened, and a northward movement of monsoon precipitation occurs.
Snowmelt is the major characteristic of the delayed hydrological effect, and the sub-seasonal snow melting process absorbs heat and increases soil moisture at the seasonal scale. The analysis in this study shows a robust positive correlation between snowmelt and the subsequent summer soil moisture. That is to say, the snow hydrological effect indeed exists and can hold a long-term memory via soil moisture anomaly persistency, which also plays an important role in connecting the snow cover over the mid-high latitudes and the EASM. The soil moisture is abnormally higher due to more snowmelt over Siberia in spring, and such a soil moisture anomaly is sustained to the following summer. Thus, the increased soil moisture can continuously lower the surface temperature and cool the atmosphere in summer. This cooling effect in Siberia leads to a weakened meridional temperature gradient and decreased baroclinicity between north Eurasia and the Arctic Ocean. Then, the variation in the atmospheric baroclinicity induced by the nonuniform heating of the land surface can produce a significant impact on the synoptic eddy. The synoptic eddy feedback further intensifies the wave train over north Eurasia.
The above factors create favorable physical conditions for the maintenance and enhancement of the anomalous Eurasian wave train prevailing over the region from Europe to Lake Baikal. The anomalous circulation patterns associated with an excessive snowmelt over Siberia ultimately weaken the EASM and influence the summer precipitation over China, with excessive precipitation occurring over most regions of South China and deficient precipitation over Northeast China and North China. Our findings demonstrate the role of anomalous snowmelt in triggering the Eurasian wave train, which is closely related to the EASM and summer precipitation over China. This study emphasizes the snow hydrological effect reflected by the spring snowmelt over Eurasia, and further contributes to the seasonal prediction of the EASM and summer precipitation over eastern China.
Previous studies indicate that spring Arctic Oscillation (AO) is the dominate driving factor for the spring surface air temperature and snow cover anomalies over the Eurasia (Chen et al., 2016). We adopt a spring AO index provided by the United States Climate Prediction Center (CPC) to denote the AO inter-annual variation. This index and its detailed information can be found at the following website: https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/ao.shtml. During our study period, the spring AO index exhibits an evident correlation with the PC1 of spring snowmelt over the Eurasia by a correlation coefficient of 0.33 (p < 0.05; Figure not shown). This suggests that the AO could also regulate the Eurasian snowmelt in spring. In addition, studies have shown that spring AO exerts evident impacts on the following EASM (Chen et al., 2015; Chen et al., 2020). Therefore, it is worth of attention that spring large-scale atmospheric circulation activities, such the AO, may contribute the Eurasian snowmelt affecting the EASM. This is beyond our current objective, which could be thoroughly investigated in the further.
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