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In recent decades, the existence of a relationship between snow cover on the Tibetan Plateau (TP) and East Asian summer monsoon (EASM) rainfall has been emphasized. According to recently published studies this snow-monsoon relationship experienced a shift after 1990. Although the changing snow-monsoon relationship has been studied, the causes of the interdecadal changes remain unclear. This study assesses the associations of TP spring snow cover with EASM rainfall before and after 1990 and explores what possible mechanisms could be responsible for the interdecadal changes. Correlation and composite analyses were used to assess the strength of the relationship between TP spring snow cover and EASM rainfall and to analyze the atmospheric and land surface patterns associated with high snow cover. The outcomes suggest that the relationship between TP spring snow cover and EASM rainfall changes from partially negative to positive over all regions of the TP from 1968–1990 (P1) to 1991–2019 (P2), implying that more snow cover is associated with less (more) EASM rainfall during P1 (P2). In P1, years with high snow cover are associated with an anomalous cyclone southwest of the TP (positioned over Iran and Pakistan) in spring, which persists into the following summer, partly due to the underlying snow cover. The anomalous cyclone is accompanied by downstream anomalies over East Asia, which form a strong east-west oriented wave pattern and induce a northerly inflow of dry air over East Asia, reducing rainfall over the northern EASM domain. In P2, high snow cover years are associated with an anomalous cyclone over the western TP, which weakens and loses its significance in May-June and summer, partly due to a decline in snow forcing. Southeastward propagation of wave energy in May-June initiates the formation of an anomalous anticyclone over southeastern China and the western North Pacific. Concurrently, a meridional circulation develops over East Asia that enhances the southwesterly moisture inflow, resulting in increased EASM rainfall. The changing snow-monsoon relationship can be linked to different wave train patterns resulting from changes in the background zonal wind and meridional temperature gradients. This research contributes to a better understanding of the changing snow-monsoon relationship.
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1 INTRODUCTION
The Tibetan Plateau (TP) is, with a mean altitude of over 4,000 m above sea level, the highest plateau that resides on Earth. This region is home for the largest reserves of snow and ice outside the Arctic and Antarctic regions and is therefore also mentioned as the Third Pole (Dyhrenfurth, 1955; Kang et al., 2010; Yao et al., 2012). The snow reserves at the TP play an important role in the regional water cycle. By maintaining the seasonal water availability, snow reserves form an important water supplier for the environment and livelihoods of millions of people in the mountains and surrounding lowlands (Immerzeel et al., 2020; Kraaijenbrink et al., 2021). Further, snow can exert a strong influence on the regional radiation and energy budgets via snow-albedo and snow-hydrological feedbacks. The snow-albedo feedback is usually strongest during winter and spring when snow covers a large area of the TP (Xu and Dirmeyer, 2011). The high surface albedo increases the reflective solar radiation and therefore affects the radiation budgets. Towards summer, the snow-hydrological effect becomes more dominant (Xu and Dirmeyer, 2011). As snow melts, a delayed hydrological impact on soil moisture is initiated, which increases latent heat release at the expense of sensible heat and eventually cools down the land surface and overlying atmosphere (Xu and Dirmeyer, 2011; Moon and Ha, 2019; You et al., 2020). For this reason, snow can affect atmospheric and land surface heating over the TP throughout spring and summer periods, which in turn affects the meridional thermal land-sea contrast and the large-scale atmospheric circulations that are important for the establishment and maintenance of the Asian summer monsoon (Zhao et al., 2007; Ding et al., 2009; Wu G. et al., 2012; Wu et al., 2012 Z.; 2016; Xiao and Duan, 2016; Li et al., 2018; Wang et al., 2018). The influence of TP snow cover on the Asian summer monsoon has already been suggested at the end of the 19th century when Blanford (1884) proposed the existence of a linkage between Himalayan snow cover and Indian summer monsoon rainfall. Since then, many studies have been conducted on the snow-monsoon relationship to understand the linkages between snow cover and the East Asian or South Asian summer monsoon systems (Hahn and Shukla, 1976; Zhang T. et al., 2019; You et al., 2020).
The East Asian summer monsoon (EASM) is one of the independent Asian summer monsoon systems, and is characterized by southwest-to-northeast oriented summer (from June to August) rain bands that stretch from China to the Korean Peninsula and Japan (Yihui and Chan, 2005; Li et al., 2020). Primarily, the EASM is associated with subtropical rain bands (i.e., the Meiyu-Baiu rain bands; Yihui and Chan, 2005) over Central China and Japan lasting from early-mid June to early-mid July, and mid-summer rain bands over northern China and the Korean Peninsula lasting from mid-June to early-mid August (Yihui and Chan, 2005; Oh and Ha, 2015; Chiang et al., 2017; 2020). Its interannual variability is influenced by several boundary conditions in remote regions, such as the El Niño-Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) (Ding et al., 2009; Wu Z. et al., 2012; Oh and Ha, 2015; Zhang Y. et al., 2019; Kim et al., 2020), Arctic sea ice (He et al., 2018; Kim et al., 2020), soil moisture (Zhang and Zuo, 2011), and Eurasian snow cover (Yim et al., 2010; Kim et al., 2020; Shen et al., 2020; Xu et al., 2021). Previous research also found the influence of TP snow cover (TPSC) anomalies on EASM rainfall over Central China, Japan, and the Korean Peninsula, which is generally strongest over the western and southern domains of the TP due to the stronger snow persistence in these domains (Zhao et al., 2007; Ding et al., 2009; Wu Z. et al., 2012; Liu et al., 2014; Xiao and Duan, 2016; Wang et al., 2018; Wang et al., 2021 Z.; Zhang Y. et al., 2019; Zhang et al., 2021 C.; Zha and Wu, 2023). For the link between TPSC and EASM rainfall, several potential physical mechanisms have been suggested. For instance, Liu et al. (2014) and Wang et al. (2018) proposed that positive summer snow cover anomalies over the southern TP are associated with meridional overturning circulation changes between the TP and the northern Indian Ocean, and subsequent zonal overturning circulation changes over the tropics that eventually can modulate moisture transport and results in more precipitation over Central China and Japan. Several other studies suggest that positive anomalous spring or summer snow cover over the western and southern TP can be associated with a mid-latitude Rossby wave train that propagates synoptic disturbances from the TP into East Asia along the subtropical westerly jet stream (SWJ), which acts as a waveguide (e.g., Xiao and Duan, 2016; Wang et al., 2018).
The subtropical westerly jet stream (SWJ) plays an important role in the snow climatology of the TP and the interannual variability of the EASM. The TP is located between two maxima of the SWJ: the North Africa-Arabian jet stream (NAAJS) located upstream of the TP and the East Asian jet stream (EAJS) located downstream of the TP (Bao and You, 2019). The SWJ is usually strongest during winter when it is located along the southern TP and delivers significant amounts of snow to the western and partly southern domains of the TP during winter and spring periods (Schiemann et al., 2009; Bookhagen and Burbank, 2010; Lutz et al., 2019). Several studies have indicated that the position and strength of the SWJ are important for the intensity and amount of precipitation that falls over the TP (Schiemann et al., 2009; Filippi et al., 2014; Cannon et al., 2015; Bao and You, 2019; Ahmed et al., 2020). For instance, Schiemann et al. (2009) suggested that spring precipitation is higher (lower) to the north of the TP and lower (higher) over the TP when the SWJ has a northerly (southerly) position. Cannon et al. (2015) indicated that a stronger SWJ with a more northerly position during the late 1980s, 1990s, and early 2000s resulted in heavier precipitation over the western domains of the TP during the winter period, whereas precipitation weakened over the southern part of the TP. Bao and You (2019) indicated that an intense SWJ over the south of the TP, combined with weaker upper-level westerly winds north of the TP, results in more precipitation and deeper snow depths during late winter (February-April), particularly over the western and mid-eastern domains of the TP. Similar outcomes were found as well by Ahmed et al. (2020) with more precipitation in Pakistan (i.e., partly covering western TP) because of stronger jets. Moving towards summer, the SWJ gradually shifts northward to the region just north of the TP and weakens in intensity (Schiemann et al., 2009; Chiang et al., 2017). The northward migration of the SWJ can be linked to the abrupt northward jumps of the monsoonal rain band that characterize the transition between different EASM stages (i.e., Meiyu-Baiu and mid-summer; Chiang et al., 2017). The northward latitudinal migration of the SWJ away from the TP and the associated migration of the monsoonal rainband results in a degradation of the subtropical Meiyu-Baiu rainband and a transition in the rainfall climatology from nearly daily to more sporadic rainfall (Molnar et al., 2010).
Several studies have highlighted that atmospheric circulation patterns and teleconnections have changed after 1990 in association with climate regime shifts that occurred over the Northern Hemisphere around 1990. For instance, the SWJ has been found to have decreased in strength over East Asia since the mid-1990s, whereas the SWJ temporally intensified upstream of the TP (Kwon et al., 2007; Cannon et al., 2015). Further, relationships between EASM and ENSO and between the Indian summer monsoon and ENSO have weakened since 1990 (Kumar et al., 1999; Kwon et al., 2005). Weakening relationships have also been observed between Eurasian snow cover and the Indian summer monsoon (Zhang T. et al., 2019; Pandey et al., 2022). Recently published studies indicated that the relationship between TPSC and rainfall over East Asia has been changing as well after 1990 (Zhang C. et al., 2021; 2022; Wang Z. et al., 2021). For example, Zhang C. et al. (2021) found an increased impact of western TP spring snow cover on subtropical Meiyu rainfall over Central China after 1990. According to the authors, the spring snow cover anomalies after 1990 are associated with cold temperature anomalies and an anomalous upper-level cyclonic system that develops and extends eastwards into East Asia towards summer. The eastward-oriented wave patterns strengthen upper-level westerly winds over East Asia, lower-level convergence, and ascent motion over Central China, which enhances rainfall. Although the changes in the relationship between TPSC and summer rainfall over East Asia around 1990 have been explored (Zhang C. et al., 2021; Wang Z. et al., 2021), the causes of the interdecadal changes are rather unclear.
The main objective of this paper is to investigate the interdecadal changes in the relationship between spring snow cover over the TP and EASM rainfall and what potential physical mechanisms could explain these changes. Compared to previous works on the changing relationship between snow cover over the TP and EASM rainfall around 1990 (Zhang C. et al., 2021; Wang Z. et al., 2021), this study stands out by means of a few novelties. First, this study investigates the changing relationship between EASM rainfall and spring snow cover over five different domains of the Tibetan Plateau and the adjacent Iranian Plateau and surroundings. Second, the EASM rainfall domain in this study covers a larger domain than in previous works, by also considering rainfall over the Korean Peninsula and a large part of Japan. Third, we examine the relative effects of different sea surface temperature signals from the tropics on the snow-monsoon relationship over different seasons. Finally, this study investigates possible mechanisms that could explain the interdecadal changes in the relationship between spring snow cover over the TP and EASM rainfall.
This paper is organized as follows. Section 2 highlights the data and methods used in this study. Section 3 describes the changing relationship between snow cover over the TP and EASM rainfall and explores the potential mechanisms that could be responsible for the changing snow-monsoon relationship. Section 4 discusses the main outcomes of this paper. Finally, Section 5 gives a summary.
2 DATA AND METHODS
2.1 Data
Monthly mean snow cover extent data were derived from Northern Hemisphere weekly snow cover extent data that were obtained from the National Snow and Ice Data Center (NSIDC) (https://nsidc.org/data/NSIDC-0046/versions/4; last access: 9 February 2024) (Brodzik and Armstrong, 2013). The original weekly data are currently available from October 1966 till December 2022. For the present analysis, snow cover data for the period 1968–2019 were used. Snow cover data before 1968 were deemed as unreliable due to large deviations in the spring snow cover over the TP and were therefore not used. The weekly snow cover data have been converted and regridded to monthly mean on a 1° x 1° latitude-longitude grid.
Monthly land precipitation and monthly 2 m air temperature data were obtained from the Climatic Research Unit gridded Time Series (CRU TS) v4.04 that are available via the CRU of the University of East Anglia (Harris et al., 2020) (https://crudata.uea.ac.uk/cru/data/hrg/; last access: 9 February 2024). The CRU TS dataset includes observation-based variables on a 0.5° x 0.5° latitude-longitude grid that span 1901–2019. The precipitation sums and 2 m mean air temperature used for the present analysis span the period 1968–2019 and have been regridded to a 1° x 1° latitude-longitude grid.
Monthly reanalysis data were derived from the ERA5 and preliminary ERA5 back-extension (BE) reanalysis datasets that are provided by the Climate Data Store (CDS) of the European Centre for Medium-Range Weather Forecasts (ECMWF) (https://cds.climate.copernicus.eu/; last access: 9 February 2024). We used the preliminary ERA5 BE reanalysis since the final ERA5 reanalysis (released in 2023) was not available yet at the time of the data analysis. The ERA5 and ERA5 BE reanalysis datasets span 1979−present and 1950–1978, respectively, and are available on a 31 km grid and monthly intervals (Hersbach et al., 2020; Bell et al., 2021). For the present analysis, reanalysis data spanning 1968–2019 were used, including the following variables: geopotential height, zonal wind, meridional wind, vertical wind, air temperature, and specific humidity at 27 pressure levels from 1,000 hPa to 100 hPa, and snowfall, 2 m air temperature, and latent heat flux at single (surface) levels. In addition, the vertically integrated moisture divergence, and the vertical integrals of the northward and eastward water vapor fluxes (from the surface to the top of the atmosphere) are used. The monthly means obtained from the ERA5 reanalysis datasets have also been regridded to a 1° x 1° latitude-longitude grid. In addition, monthly sea surface temperature (SST) data on 2° x 2° grids were obtained from the Extended Reconstruction SSTs Version 5 (ERSSTv5) dataset of the US National Oceanic and Atmospheric Administration (Huang et al., 2017a; Huang et al., 2017b) (https://doi.org/10.7289/V5T72FNM). For the present analysis, SSTs spanning 1968–2019 were used to obtain the dominant Indian Ocean SST pattern.
Climate indices that represent remote atmospheric and oceanic modes, such as the Niño indices and the Dipole Mode Index (DMI) are retrieved from the NOAA Earth System Research Laboratories and Physical Sciences Laboratory (PSL) (https://psl.noaa.gov/data/climateindices/list/and https://psl.noaa.gov/gcos_wgsp/Timeseries/; last access: 9 February 2024).
2.2 Methodology
In the present study, the changing relationship between spring snow cover over the TP and EASM rainfall (EASMR) is investigated, where spring refers to March-April-May (MAM) and summer refers to June-July-August (JJA). The EASM domain covers the region between 27°N and 41°N and between 110°E and 140°E (Figure 1). Here, the longitudinal extent is derived from Chiang et al. (2020) and the latitudinal extent is derived from the spatial patterns of the leading empirical orthogonal function (EOF, not shown), which explains 36.2% of the rainfall variance. The derived latitudinal extent is in the range of latitudinal extents used in other studies focusing on EASM (rainfall) (Li et al., 2020; Park et al., 2020).
[image: Figure 1]FIGURE 1 | (A) The climatological mean (1968–2019) of EASM rainfall (EASMR) (shading, unit: mm month−1) and its standard deviation (contours, unit: mm month−1). The black box denotes the defined EASM domain. (B) The normalized detrended precipitation index (EASMRI) calculated over the black box area as shown in (A), and its 11-year moving average representing interdecadal variations (black line).
The strength of relations between two variables, such as between EASM rainfall and snow cover over (parts of) the TP, is derived by means of (partial) correlation analyses. Composite analyses are performed to analyze atmospheric and land surface patterns that are associated with high snow cover. To assess the statistical significance of the correlation and composite analyses a Student’s t-test is applied. (Cor)relations with a p-value equal or lower to 0.05 (i.e., at the 95% confidence level) are considered as statistically significant. Since the focus of this study is on the effects of interannual variations in snow cover on EASM rainfall, time series are linearly detrended before the implementation of correlation and composite analyses.
To understand the wave propagation dynamics in relation to snow cover anomalies, the phase-independent wave activity flux (WAF), defined for stationary Rossby waves on a zonally varying mean flow, is analyzed. To this end, the horizontal components of the WAF are calculated, which follow the definitions and equations of Takaya and Nakamura (2001).
2.3 Linear Baroclinic Model (LBM) experiment
Numerical modelling experiments conducted in this study are based on the Linear Baroclinic Model (LBM) (Watanabe and Kimoto, 2000), which is a simplified atmospheric model developed by the Center for Climate System Research (CCSR), University of Tokyo and the National Institute for Environmental Studies (NIES), Japan. LBM can be used to assess the linear response of atmospheric circulations to a prescribed forcing and has recently also been employed to investigate links between TP snow cover and East Asian rainfall (Zhang et al., 2022; Zha and Wu, 2023). In the present work, the linear atmospheric response to a prescribed forcing, i.e., a diabatic heating anomaly, is investigated by time-integration of the model. Time-integration can be applied with a ‘moist’ and ‘dry’ version of LBM. In this study, the ‘dry’ version of LBM is applied, which has commonly been used to assess the linear response to prescribed diabatic heating anomalies (e.g., Duan et al., 2020; Zhang et al., 2022; Zha and Wu, 2023; Zhang et al., 2023). The model has 20 vertical sigma levels, a horizontal T42 (2.81° x 2.81°) resolution, and is integrated over a total of 45 days with a prescribed forcing that persists throughout the model simulation. The model needs about 15 days to reach a steady state, which means the last 30 days of the model simulation can be used for further analysis.
3 RESULTS
3.1 Relationship between TPSC and EASM rainfall
During the summer, most precipitation falls in the southern part of Japan, over the Korean Peninsula, and Central China with heavy monthly precipitation (up to about 400 mm month−1) (Figure 1A). The standard deviation associated with the climatological period (1968–2019) is the largest in the wettest regions with values up to about 100 mm month−1 over southern Japan. To represent the interannual variability in summer precipitation, which refers to wetness/dryness over the defined EASM region, a normalized detrended EASM rainfall index (EASMRI) has been calculated (Figure 1B). The index shows not only decadal variability but also large interannual variability, especially in the 1990s.
We investigated the 15-year moving correlation between EASMR and the detrended snow cover over different regions of the TP and a part of the neighboring Iranian Plateau to show their relationship (Figure 2A) and selected a target region for a more in-depth investigation on the changing snow-monsoon relationship. To this end, we specified five different regions: the eastern Tibetan Plateau (ETP), the western Tibetan Plateau (WTP), the entire TP (i.e., combined ETP and WTP), the Iranian Plateau and its surroundings (IPS), and the combined IPS and WTP regions (IPS-WTP) (see Figures 2B,C for the locations of the ETP, WTP, and IPS). The IPS-WTP region is based on the Iranian desert region as defined by Moon and Ha (2019). As Figure 2A shows, the snow-monsoon relationships are generally weak and insignificant during the 1970s and 1980s, except in the late 1970s when the relationship is significant over the TP and ETP. During the late 1980s, the relationship between EASMR and snow cover experienced a shift from negative to positive over all regions and became significant over the WTP, IPS, and IPS-WTP throughout the 1990s and early 2000s. Since the snow-monsoon relationship became pronounced after 1990, the period 1968–2019 is subdivided into two subperiods: 1968–1990 (P1) and 1991–2019 (P2) in this study. During P1, correlations between EASMR and snow cover are mostly negative and strongest but not significant over the ETP (R=−0.25; p=0.25, Table 1). As shown in Figure 2B the spatial correlation is generally negative over the TP and significant in some areas, particularly over the eastern domain of the TP. During P2, correlations are positive and strongest as well as significant over the IPS-WTP (R=0.48; p<0.01, Table 1). The spatial correlation is generally positive and mostly significant over the IPS and WTP domains (Figure 2C). Over the ETP, the snow-monsoon relationship is significant over a few smaller areas located in the northwestern and northeastern parts of the respective domain. Previous studies have already found similar interdecadal changes in the relationship between rainfall over (parts of) the EASM domain and spring/summer snow cover (Zhang C. et al., 2021; Wang Z. et al., 2021). However, the present study has specified the role of TP snow cover by also taking the role of snow cover over the IPS or combined IPS-WTP domain into consideration, which can help to understand the changing snow-monsoon relationship in more detail. Because of the changing snow-monsoon relationship and its strong significance in the IPS-WTP region after 1990, the focus will be on this region throughout the remainder of this paper.
[image: Figure 2]FIGURE 2 | (A) The 15-year moving correlation (R) between EASMR and spring snow cover over the eastern Tibetan Plateau (ETP, 25°–40°N; 85°–105°E; green), the western Tibetan Plateau (WTP, 25°–40°N; 70°–85°E; orange), the entire Tibetan Plateau (TP (ETP + WTP); 25°–40°N, 70°–105°E; red), the Iranian Plateau and its surroundings (IPS, 25°–40°N; 55°–70°E; cyan), and the combined IPS and WTP regions (25°–40°N; 55°–85°E; blue). The black dashed lines represent the R value at p = 0.05. (B) and (C) Spatial distribution of correlation coefficients (R) of TP snow cover with EASMR over the period 1968–1990 (P1) (B) and 1991–2019 (P2) (C). The black outline represents the outlines of the TP and adjacent mountain ranges. The colored boxes denote the areal extents of the ETP (green), WTP (orange), and IPS (cyan). The black dots (dashed lines) represent the correlation coefficient at the 95% (90%) confidence level.
TABLE 1 | Correlation coefficients between EASMR and the snow cover index over different regions of the TP (shown in Figure 2B) during 1968–1990 (P1) and 1991–2019 (P2). The value between the brackets denotes the statistical significance level (p). Values marked with * and ** are significant at the 95% and 99% confidence level, respectively.
[image: Table 1]The climatological mean snow cover over the IPS-WTP region as presented in Figure 3 shows in general the highest snow cover over the Karakoram Mountains (33°–38°N, 73°–80°E), followed by the western Himalayas (27°–36°N, 72°–85°E) and the Hindu Kush Mountains (31°–37°N, 61°–73°E). The standard deviation in the region is highest over the Hindu Kush, Himalayas, and over the western TP, east of the Karakoram, with values up to 0.4. Throughout the time, the normalized detrended snow cover index (SCI) shows an alternation of periods with more and less snow cover with periods of generally more snow cover in the early 1980s, 1990s, and 2010s, and periods of generally less snow cover in the early 1970s, late 1980s, and 2000s (Figure 3B).
[image: Figure 3]FIGURE 3 | (A) The climatological spring mean snow cover extent (SCE) over the IPS-WTP domain (shading, unit: -) and its standard deviation (contours, unit: -). The black outline represents the outlines of the TP and adjacent mountains ranges. The blue box represents the IPS-WTP domain. (B) The normalized detrended snow cover index (SCI) calculated over the IPS-WTP domain (bars), its 11-year moving average representing interdecadal variations (black line), and the EASMRI (black line with cyan dots).
To further investigate the changing relation between EASMR and snow cover over the IPS-WTP region, composite analyses for the relevant driving atmospheric and land surface patterns are performed. To this end years with high and low snow cover are selected based on the SCI that is greater than or equal to ±0.4 standard deviation (Table 2). The reason for using this subjective threshold is to maintain at least 5 degrees of freedom in every HSC or LSC composite group throughout the composite analysis. The years of high and low snow cover (HSC and LSC, respectively) are subsequently distributed over two groups, representing P1 (1968–1990) and P2 (1991–2019). This results in 7 (11) HSC (LSC) years for P1 and 12 (10) HSC (LSC) years for P2. Associated with HSC, the precipitation anomalies over the EASM domain are negative over northeastern China, and positive over Central China and Japan during P1 (Figure 4A). During P2, the precipitation anomalies are mostly positive, and significant over Central China and Japan (Figure 4B). This implies that higher snow cover over the IPS-WTP can be associated with more rainfall over the EASM domain.
TABLE 2 | High (HSC) and low (LSC) snow cover years for P1 (1968–1990) and P2 (1991–2019), selected based on ±0.4 standard deviation of the SCI.
[image: Table 2][image: Figure 4]FIGURE 4 | Composite differences of precipitation (shading, unit: mm month−1) between HSC years and LSC years for P1 (1968–1990) (A) and P2 (1991–2019) (B). The black box denotes the defined EASM domain. The dots (dashed lines) represent the significance of anomalies at the 95% (90%) confidence level.
The EASM and the snow cover over the TP can both be modulated by remote forcing, such as sea surface temperature anomalies (SSTA) over the tropical Indo-Pacific Ocean (Xie et al., 2009; Yuan et al., 2009; Oh and Ha, 2015; Wang and Xu, 2018; Zhang Y. et al., 2019; Jiang et al., 2019; Duan et al., 2020; You et al., 2020). Therefore, the snow-monsoon relationship without remote forcing is examined to validate its strength. To this end, four indices representative for SSTA over the tropics are considered:
1) the Indian Ocean Basin Mode index (IOBMI) representing the first leading mode of SSTA over the Indian Ocean in the preceding spring (MAM) and concurrent summer (JJA) (i.e., the peak season of the IOBM). The IOBMI is defined as the first EOF mode of SSTA over the tropical Indian Ocean (20°S–20°N, 40°–110°E) (Yang et al., 2010).
2) the Dipole Mode Index (DMI) representing the second leading mode of SSTA over the Indian Ocean in the preceding autumn (September-November, SON, i.e., the peak-season of the IOD), winter (December-February, DJF), spring (MAM), and concurrent summer (JJA)
3) the Niño 1.2 index representing SSTA over the eastern equatorial Pacific in the preceding winter (DJF), spring (MAM), and concurrent summer (JJA).
4) the Niño 3.4 index representing SSTA over the central equatorial Pacific in the preceding winter (DJF), spring (MAM), and concurrent summer (JJA).
To examine the relative role of the above-mentioned remote factors, a partial correlation analysis is performed to remove the effects of these factors. The partial correlation analyses show that after removal of the preceding autumn-winter IOD and ENSO signals the snow-monsoon relationship remains significant during P2, although it experiences a slight weakening (Table 3). Also, after removal of the spring-summer ENSO, IOBM and IOD signals, the snow-monsoon relationship maintains its significance despite a slight weakening after removal of the IOBM summer signal. This implies that the snow-monsoon relationship can be considered as robust, but also that there is small modulation by preceding autumn-winter tropical Indo-Pacific SSTA and the concurrent summer Indian Ocean Basin Mode. These findings are in line with general findings of other studies on the robustness of the snow-monsoon relationship over the EASM domain (e.g., Xiao and Duan, 2016; Wang et al., 2018; Zhang Y. et al., 2019; Zhang et al., 2021 C.).
TABLE 3 | Correlations between IPE-WTP spring snow cover and EASMR, and partial correlations excluding the influence of the IOBM, DMI and ENSO (Niño 1.2 and 3.4) in the preceding autumn (SON), winter (DJF) and spring (MAM), and concurrent summer (JJA) for P1 (1968–1990) and P2 (1991–2019). The value between the brackets denotes the statistical significance level (p). Values marked with * and ** are significant at the 95% and 99% confidence level, respectively.
[image: Table 3]3.2 Atmospheric circulation patterns associated with IPS-WTP snow cover variations
In this section, the differences in the snow-monsoon relationship between P1 and P2 are examined. As mentioned in the Introduction, several studies have highlighted that snow can exert an influence on the atmospheric and land surface heating over the TP during spring and summer. Figure 5 shows the composite differences of spring-summer air temperature at 500 hPa (i.e., the approximate surface level of the TP) between HSC and LSC years for P1 and P2. During spring (MAM) there are significant cold anomalies at 500 hPa southwest of the TP in P1 and over the western domain of the TP in P2 (Figures 5A,B). The differences in the locations of the cold anomalies could be attributed to the more northerly position of the SWJ in the HSC years of P2 (Supplementary Figure S1). While the cold anomalies at the 500 hPa level persist till May-June (MJ) in P2 but become less significant (Figure 5D), the cold anomalies persist throughout the spring into the summer and become more significant over the western domain of the TP in P1 (Figures 5C,E). The disappearance of (significant) cold anomalies during summer after 1990 can potentially be explained by a decline in significant positive snow cover anomalies from spring to summer in P2 as compared to P1 where significant positive snow cover anomalies can persist throughout the summer (Supplementary Figure S2). In other words, integrated over the domain, snow is more abundant in P1, which can restrain melting to facilitate the snow cover anomalies to sustain longer. In contrast, rapid reduction of snow cover in P2 can lead to warmer land surface and atmospheric conditions, and it can contribute to the disappearance of cold temperature anomalies. The reduction of significant positive summer snow cover anomalies in P2 is most likely related to the climate-induced reductions of snow cover (e.g., Wang Z. et al., 2021). Snow reduces the adsorption of solar radiation and suppresses the sensible heat flux, which results in a cooling down of the land surface and overlying atmosphere.
[image: Figure 5]FIGURE 5 | Composite differences in 500 hPa air temperature (shading, unit: (K) between HSC and LSC years from spring (MAM) to summer (JJA) for P1 (1968–1990) (A,C,E) and P2 (1991–2019) (B,D,F). The black outline represents the outlines of the TP and adjacent mountains ranges. The dots (dashed lines) represent the significance of temperature anomalies at the 95% (90%) confidence level. MJ stands for May-June.
Figures 6–8 show the composite differences of the spring-summer geopotential height and wind at 200 hPa (Figure 6), the corresponding wave activity flux (Figure 7), and vertically integrated moisture flux and divergence (Figure 8) between HSC and LSC years. In P1, anomalous cyclones prevail at the midlatitudes during spring, which are significant southwest of the TP (i.e., over Iran and Pakistan) and over eastern China (Figure 6A). This circulation pattern matches well with the cold anomalies (Figure 5A), conforming to the thermal wind constraint. Towards summer, the anomalous cyclone southwest of the TP persists (Figures 6C,E). The persistence and significance of the anomalous cyclone over the TP can be linked with cold anomalies over the western TP that can be attributed to the underlying snow forcing (Figure 5E). Further, a significant anomalous cyclone over the upstream Mediterranean Sea (i.e., surrounding 30°N, 20°E), which persists during the summer, also contributes to the persistence of the anomalous circulation over the TP by supplying wave energy fluxes.
[image: Figure 6]FIGURE 6 | Composite differences in 200 hPa geopotential height (shading, unit: m) and wind (vectors, unit: m s−1) between HSC and LSC years from spring (MAM) to summer (JJA) for P1 (1968–1990) (A,C,E) and P2 (1991–2019) (B,D,F). The black outline represents the outlines of the TP and adjacent mountain ranges. The contours denote the climatological mean of the zonal wind at 200 hPa, where blue stands for positive (eastward) and red stand for negative (westward). The dots (dashed lines) represent the significance of anomalies at the 95% (90%) confidence level. The vectors represent the significance of wind anomalies at 95% confidence level. MJ stands for May-June.
[image: Figure 7]FIGURE 7 | Composite differences in 200 hPa stream function (shading, unit: 106 m2 s−1) and wave activity flux (vectors, unit: m2 s−2) between HSC and LSC years from spring (MAM) to summer (JJA) for P1 (1968–1990) (A,C,E) and P2 (1991–2019) (B,D,F). The black outline represents the outlines of the TP and adjacent mountain ranges. The contours denote the climatological mean of the zonal wind at 200 hPa, where blue stands for positive (eastward) and red stand for negative (westward). The vectors representing wave activity fluxes less than 0.5 m2 s−2 are omitted. MJ stands for May-June.
[image: Figure 8]FIGURE 8 | Composite differences in vertically integrated moisture divergence (shading, unit: kg m−2) and vertically integrated moisture fluxes (vectors, unit: kg m−1 s−1) between HSC and LSC years from spring (MAM) to summer (JJA) for P1 (1968–1990) (A,C,E) and P2 (1991–2019) (B,D,F). The black outline represents the outlines of the TP and adjacent mountain ranges. The dots (dashed lines) represent the significance of anomalies at the 95% (90%) confidence level. The vectors represent the significance of moisture flux anomalies at 95% confidence level. MJ stands for May-June.
Over time, the prolonged cyclonic circulation over the TP accompanies downstream anomalies, such as the anomalous cyclone over the Korean Peninsula and Japan in MJ and summer (Figures 6C,E). Alongside with an anomalous anticyclone northeast of the TP, these cyclonic anomalies form a zonally oriented wave train pattern (Figures 6C,E, 7C,E). The geographical location of this wave train coincides with the path of the SWJ that acts as a wave guide for Rossby wave energy along the TP into East Asia. This east-west oriented wave train along the SWJ resembles the Silk Road pattern (SRP), a recurrent teleconnection pattern along the SWJ in summer (Lu et al., 2002; Enomoto et al., 2003; Kosaka et al., 2009; Chen et al., 2013; Wang et al., 2017; Hong et al., 2018). The appearance of the SRP-like anomalies in MJ is essentially associated with northward seasonal migration of the SWJ. A similar wave pattern has also been found by Zhang C. et al. (2021) who showed well-organized Rossby wave source anomalies along the path of the SWJ, which favor the development of a wave pattern and further propagate disturbances eastward into East Asia. Promoted by the wave train, the anomalous cyclone over the Korean Peninsula and Japan induces dry northerly wind anomalies to the west (Figures 6E, 8E), it reduces the southerly inflow of tropical warm, and humid air and stimulate the inflow of continental warm and dry air from the north, eventually contributing to moisture divergence and a decrease in precipitation over northeastern China (Figures 4A, 8E).
In P2, two significant anomalous cyclones are located over the Mediterranean Sea and the TP during spring, which is analogous to that of P1 in MJ and JJA (Figures 6B,C,E). However, unlike the SRP-like circulation patterns in P1, no downstream anomalies are accompanied over East Asia (Figure 6B). During MJ and summer, the anomalous cyclones over the Mediterranean Sea and the TP weaken and lose its significance. This can partly be attributed to a decline in the underlying snow forcing (i.e., due to declining positive snow cover anomalies as observed in Supplementary Figure S2. However, despite the weakening of the anomalous cyclone over the TP, wave energy can still be propagated southeastward during MJ (Figure 7D), which contributes to the formation of an anomalous anticyclone over southeastern China and the western North Pacific (WNP). The anomalous anticyclone exhibits a barotropic vertical structure and can be an indication for a southeastward extension of the South Asian High (Wei et al., 2019; Zhang J. et al., 2021). Concurrently with the formation of the anomalous anticyclone, an anomalous cyclonic circulation also grows over Japan promoted by northeastward wave energy dispersion. Along with the formation of the anomalous atmospheric circulations, an anomalous moisture circulation develops over the WNP with moisture divergence over the Philippine Sea (5°–20°N; 130°–150°E) and enhanced moisture convergence over the East China Sea (25°–35°N; 120°–130°E) (Figure 8D). This anomalous moisture circulation is most likely linked to the strengthening of the western North Pacific subtropical high (WNPSH), which plays an important role in the transport of moist air from the tropics into East Asia (Lee et al., 2013). Here, air-sea interactions (i.e., by latent heating) could be one of the key factors that contribute to the strengthening of the WNPSH.
Figure 9 shows the composite differences of the May-June (MJ) and summer (JJA) surface upward latent heat flux (defined as positive downward) between HSC and LSC years. In P1, the latent heat flux anomalies do not show large significant changes. Only in MJ there are a few areas with significant positive latent heat flux anomalies (Figure 9C). Further, significant negative latent heat flux anomalies can be found in the EASM domain during MJ and summer. In P2, the latent heat flux anomalies are significantly positive over a large region of East Asia and the WNP, particularly between 15°N and 30°N during MJ and in the latitudinal domains 25°–35°N and 0°–15°N during summer (Figures 9E,F). Since the climatological latent heat flux is negative (i.e., upwards) during MJ and summer (Figures 9A,B) the positive anomalies indicate a reduction in the upwards latent heat flux, which is indicative for an increase (decrease) in condensation (evaporation). The reduced upward latent heating over the WNP leads most likely to suppressed convection in P2 and can therefore contribute to the strengthening of the WNPSH (e.g., He and Zhou, 2020). Correlation analyses between IPS-WTP snow cover and the summer WNPSH index (i.e., formulated as the area-averaged geopotential height at 850 hPa over the region 15°–30°N; 110°–150°E (Lee et al., 2013)) confirm that there is a significant positive relation between snow cover and the strength of the WNPSH in P2 (R = 0.44, p=0.02), whereas it is insignificant in P1 (R = −0.15, p= 0.49). This anomalous growth of the subtropical high suggests a forward shift of the seasonal evolution of the WNPSH that expands westward with seasonal progression.
[image: Figure 9]FIGURE 9 | (A,B) Climatology of May-June (MJ) and summer (JJA) surface upward latent heat flux (positive downward, shading, unit: W m−2). (C-F) Composite differences May-June (MJ) and summer (JJA) surface upward latent heat flux (shading, unit: W m−2) between HSC and LSC years for P1 (1968–1990) (C,E) and P2 (1991–2019) (D,F). The black outline represents the outlines of the TP and adjacent mountain ranges. The black box denotes the defined EASM domain. The dots (dashed lines) represent the significance of anomalies at the 95% (90%) confidence level.
Along with the strengthening of the subtropical high, the anomalous moisture divergence over the Philippine Sea is sustained in summer (Figure 8F). Moisture divergence further affects East Asia via anomalous moisture transport and a meridional atmospheric teleconnection (Supplementary Figure S3) that generates northward energy dispersion in the lower troposphere, southward energy dispersion in the upper troposphere (Supplementary Figure S4B) and converges anomalous moisture transport over East Asia. This meridional circulation enhances low-level southwesterly inflow of moisture into the EASM domain in MJ and summer, which eventually results in increased precipitation over the respective domain during summertime (Figures 4B, 8F and Supplementary Figure S3D). One of the possible mechanisms that is responsible for the sustainability of the anomalous moisture circulation and corresponding moisture divergence over the Philippine Sea could be a self-sustaining mechanism through moist processes that resembles the self-sustaining mechanism of the Pacific-Japan teleconnection pattern (Kosaka and Nakamura, 2006).
3.3 LBM simulations
To investigate the response of the atmospheric circulation to the snow forcing and linked cold temperature anomalies in P1 and P2, six different cooling experiments with LBM are conducted in different spring, May-June, and summer backgrounds for P1 and P2, respectively. Supplementary Table S1 lists an overview of the different LBM experimental settings. In the Exp_P1 MAM (Exp_P2 MAM) experiment, LBM is forced with the spring basic state of P1 (P2) in combination with a cooling anomaly located at the southwestern periphery of the TP (the western domain of the TP). The prescribed cooling anomalies correspond with the spring cold anomalies located southwest of the TP (centered at [30°N; 66°E]) in P1 (Figure 5A, Supplementary Figure S5A, S6A) and over the western TP (centered at [38°N; 72°E]) in P2 (Figure 5B, Supplementary Figure S5B, S6B). For the Exp_P1 MJ and JJA (Exp_P2 MJ and JJA) experiments, LBM is forced with the May-June and summer basic states of P1 (P2), respectively. The prescribed cooling anomalies in these experiments have been shifted northward (centered at 37°N; 66°E for P1 and 40°N; 72°E for P2), corresponding with the May-June and summer cold anomalies over the western TP (Figures 5C–F, Supplementary Figure S6D,E, S6G,H). The prescribed cooling anomalies have a circular shape with a radius up to 20° in both latitudinal and longitudinal directions, which are also in line with the cold anomalies shown in Figure 5. In the P1 experiments, a maximum cooling of 1 K day−1 is applied, where the peak in the vertical (gamma) cooling profile occurs at [image: image] = 0.65 (∼500 hPa) (Supplementary Figure S6C,F,I), the approximate surface level of the TP. In the P2 experiments, a maximum cooling of 1 K day−1, 0.8 K day-1, and 0.2 K day−1 is applied for the MAM, MJ, and JJA experiments respectively. The reduced cooling rates throughout the experiments mimic the disappearing cold anomalies after spring (Supplementary Figure S6C,F,I).
Figure 10 shows the simulated geopotential height and wind at the 200 hPa level to prescribed cooling anomalies that mimic the spring-summer cold anomalies in P1 (Exp_P1) and P2 (Exp_P2). The Exp_P1 MAM simulations show an anomalous cyclonic circulation southwest of the TP that accompanies an anomalous anticyclonic system southeast of the TP, and an anomalous cyclonic system over Japan (Figure 10A). The Exp_P1 MJ and JJA simulations (Figures 10C,E) show an east-west oriented pattern of alternating cyclonic anomalies and anticyclonic anomalies over the western part of the TP (cyclonic), (north)eastern part of the TP (anticyclonic), and northeast Asia (cyclonic). The atmospheric patterns of Exp_P1 MJ and JJA resemble most the MJ and summer atmospheric patterns of P1 (Figures 6C,E), that also show an east-west oriented pattern of alternating cyclonic and anticyclonic anomalies. The atmospheric patterns of Exp_P1 MAM show some similarities with the spring atmospheric patterns of P1 (Figure 6A) with anomalous cyclones southwest of the TP and over eastern Asia, but also display some distinct differences with an anomalous anticyclone southeast of the TP that is not visible in the composite anomalies.
[image: Figure 10]FIGURE 10 | Linear model response of 200 hPa geopotential height (shading, unit: m) and wind (vector, unit: m s−1) to prescribed cooling anomalies that mimic the cold anomalies during MAM (A), May-June (MJ; (B) and summer (JJA; (C) in P1 and during MAM (D), May-June (MJ; (E) and summer (JJA; (F) in P2. The experiments are performed in two different spring (MAM), May-June (MJ), and summer (JJA) backgrounds for P1 and P2, respectively. The black outline represents the outlines of the TP and adjacent mountain ranges.
The Exp_P2 MAM and MJ simulations (Figures 10B,D) show a large anomalous cyclonic system over the TP and northern China that is accompanied with westerly (easterly) wind anomalies along the southern (northern) flank of the cyclonic system. In the Exp_P2 MJ simulation, the anomalous cyclonic system is smaller in extent, presumably because of the reduced anomalous cooling in the respective experiment. Under weak prescribed cooling as applied in the Exp_P2 JJA experiment (Figure 10F) the anomalous cyclonic system over the TP eventually disappears, which is in line with the disappearance of the cyclonic anomaly over the western TP after MJ in P2 (Figure 6F). Compared to the composite anomalies, the anomalous cyclonic system over the TP show similarities with the anomalous cyclone over the TP and East Asia in spring and May-June (Figures 6B,D). However, a major difference is that the anomalous anticyclone over southeastern China/western North Pacific (Figures 6D,F) is not reproduced in the Exp_P2 simulations.
3.4 Possible mechanism for changing snow-monsoon relationship
The previously presented outcomes suggest that during P1 high spring snow cover can be associated with reduced precipitation over the northern part of the EASM domain, whereas during P2 high snow cover can be associated with an enhancement of precipitation over the EASM domain. The differences between P1 and P2 are directly attributable to changes in the wave train patterns that start to occur in MJ (Figures 7C,D). In P1, the wave train pattern associated with HSC develops to an anomalous SRP-like wave train pattern with an eastward propagation of wave energy (Figures 7C,E), whereas in P2 an anomalous SRP-like pattern is not well established, and wave energy is propagated in a more southeastward direction, which contributes to the earlier westward advancement of the WNPSH (Figures 7D,F). These changes in wave patterns between P1 and P2 likely stem from the altered background conditions that serve as Rossby wave guide and potential energy source to feed the SRP. Figure 11A shows the summer mean zonal wind at 200 hPa in P1 and its difference from P2. In P1, the region of the maximum of the SWJ, centered around 40°N, extends eastward towards East Asia, whereas in P2 the SWJ shows a weakening relative to P1. This is in line with the earlier reported weakening of the SWJ over East Asia (Kwon et al., 2007; Archer and Caldeira, 2008; Park et al., 2011; Zhu et al., 2011). The zonally extended SWJ could serve as a favorable condition for the zonal propagation of the SRP that develops being trapped in the SWJ (Kosaka et al., 2009). In addition, the background thermal field could also positively contribute to the maintenance of the SRP-like circulation during P1. Consistent to the stronger zonal wind, the background meridional temperature gradient in P1 is stronger near the center of the SWJ (Figure 11B). Given that the SRP is efficiently sustained by extracting the background available potential energy (Kosaka et al., 2009; Chen et al., 2013), this background thermal condition provides advantages for the wave train to readily sustain for the season. By contrast, in P2, weaker background zonal wind and reduced background potential energy work adversely for the development and maintenance of the zonally oriented circulation anomalies. One of the possible explanations for the weakening of the SWJ in P2 is a warming over the Eurasian continent that reduces the poleward temperature gradient, which is especially visible in adjacency of the SWJ (Figure 11C) (Archer and Caldeira, 2008; Stendel et al., 2021).
[image: Figure 11]FIGURE 11 | (A) Summer (JJA) mean zonal wind at 200 hPa (contour, unit: m s−1) and the differences in summer mean zonal wind at 200 hPa between P1 (1968–1990) and P2 (1991–2019) (shading, unit: m s−1). (B) Summer (JJA) mean upper tropospheric (200–500 hPa) temperature gradient (contour, unit: 10−6 K/m) and the differences in summer mean upper tropospheric temperature gradient between P1 (1968–1990) and P2 (1991–2019) (shading, unit: 10−6 K/m). (C) Summer (JJA) mean upper tropospheric (200–500 hPa) temperature (contour, unit: °C) and the differences in summer mean upper tropospheric temperature between P1 (1968–1990) and P2 (1991–2019) (shading, unit: °C). The black outline represents the outlines of the TP and adjacent mountain ranges.
4 DISCUSSION
4.1 Uncertainties and limitations
The outcomes presented in this study are based on the analysis of satellite-based, observation-based and reanalysis products. Via propagation of uncertainties from the analysis products uncertainties might have been introduced in the outcomes presented here. For instance, the accuracy of observation-based products is relying on the availability of measurements. Particularly in the remote high-mountain environments of the TP (e.g., the WTP) the number of meteorological stations is limited and unevenly distributed, lowering the accuracy of variables such as precipitation. The poor coverage of meteorological stations eventually introduces uncertainties in gridded observation-based datasets, such as CRU but also in reanalysis products such as ERA5 that rely on observations as well (Immerzeel et al., 2015). Uncertainties might also have been introduced via uncertainties and limitations that are related to reanalysis products such as ERA5. For instance, several studies have indicated the existence of a cold bias in the ERA5 surface temperature fields over the TP, which could be related to the overestimation of snow depth caused by a lacking data assimilation of snow depth from the Interactive Multisensor Snow and Ice Mapping System (IMS) at high altitudes (Orsolini et al., 2019; Wang X. et al., 2021; Khanal et al., 2021). Another study of Rudisill et al. (2024) found that local wind circulations, longwave radiation and surface-layer parameterizations could contribute to cold biases as well, although the exact causes of cold biases remain unknown. The cold biases in ERA5 could therefore have introduced uncertainties in the outcomes presented here, although comparisons with the outcomes of another study of Zhang C. et al. (2021) show similar atmospheric patterns associated with HSC before and after 1990. Since the authors of the cited study applied the National Centers for Environmental Prediction (NCEP) reanalysis to investigate the changing snow-monsoon relationship between the TP and Central China before and after 1990, it can demonstrate that ERA5 and NCEP produce similar outcomes. To validate the impact of the cold bias in ERA5 future research would be of interest that investigates the changing snow-monsoon relationship by using multiple reanalysis products, such as the Japanese 55-year Reanalysis (JRA55), the NASA Modern-Era Retrospective analysis for Research and Applications (MERRA2), NCEP, and ERA-Interim.
Uncertainties could also have been introduced in the presented outcomes via the methods we applied to examine the robustness of the snow-monsoon relationship and to understand atmospheric and land surface patterns in association with high snow cover. For instance, we applied partial correlation analyses to examine the relative effects of different SST signals from the tropics (IOBM, IOD, and ENSO) on the snow-monsoon relationship over different seasons (September-November, December-February, March-May, and June-August). Although the method we applied addressed the seasonal dependencies of each SST signal, the diversity of impacts from multiple SST signals within one season is not captured, which could introduce uncertainties in the outcomes. To assess the diversity of impacts from multiple SST signals over multiple seasons, EOF analysis-based methods as those applied by Hu et al. (2022) and Horan et al. (2024) could be an outcome. To investigate the driving atmospheric and land surface patterns in association with high snow cover, composite analyses were applied. Although composite analyses are effective and useful analysis methods, composite analyses need to be treated with care since composite analyses could reduce the robustness of the main findings (e.g., Boschat et al., 2016). In comparison with regression analysis methods, composite analyses have some limitations, for instance in controlling the influence of remote oceanic and/or atmospheric factors that could affect a relationship. However, as Supplementary Figure S7 shows, there are, despite a few small differences, many similarities between summer precipitation anomalies obtained from composite analyses (Supplementary Figure S7A,B) and summer precipitation anomalies obtained from regression analysis (Supplementary Figure S7C,D), even after removal of the winter ENSO signal (based on the Niño 1.2 index) (Supplementary Figure S7E,F), which is shown to have the largest impact on the snow-monsoon relationship (Table 3). Similar findings are also found for other variables such as for the vertically integrated moisture divergence and fluxes (Supplementary Figure S8). The large similarities between the composite anomalies and the regressions illustrate that composite analyses are a sufficiently robust tool that can contribute to an improved understanding of atmospheric and land surface patterns associated with snow cover variations.
To assess the response of atmospheric circulations to prescribed cooling anomalies before and after 1990, numerical modelling experiments were performed with the Linear Baroclinic Model (LBM). The LBM modelling experiments fairly reproduce the atmospheric patterns over the Asian continent that are associated with the prescribed cooling anomalies in P1 and P2, respectively, although there are also some differences. The numerical experiments lack, for instance, the ability to reproduce the anomalous anticyclone over southeastern China/western North Pacific and its barotropic vertical structure in P2. This is potentially caused by the lack of moisture and missing air-sea interactions in the ‘dry’ version of LBM. Although the wave patterns in P2 contribute to the development of the anomalous anticyclone (as observed in the composite analyses), the lack of ability to reproduce the anomalous anticyclone in LBM demonstrate that air-sea interactions, moisture and other remote oceanic and/or atmospheric forcings could play an important role as well in the development and maintenance of atmospheric patterns that lead to increased rainfall in P2. To investigate the relative role of remote atmospheric/oceanic forcings, moisture, and air-sea interactions, the ‘moist’ version of LBM could be an option. However, a limitation of the ‘moist’ version of LBM is that the model cannot be forced with prescribed diabatic heating or vorticity anomalies over land. Therefore, more advanced modeling approaches are needed. For instance, Zhang et al. (2022) investigated the link between TP spring snow cover and spring rainfall over eastern China by applying a partially coupled earth system modelling framework comprising atmosphere and land models prescribed by SST, sea ice, and TP snow cover anomalies. Similar modelling approaches combining prescribed TP snow cover anomalies and SST anomalies could be helpful to disentangle the relative roles of TP snow cover and other atmospheric and oceanic forcings in EASM variability, and to better understand the delayed response of summer climate to spring snow cover.
4.2 Changing snow-monsoon relationship and possible mechanisms
The presented research gives an insight in the complexity of the changing snow-monsoon relationship. Although the snow-monsoon relationship remains significant in P2 after removing the influence of SSTA over the tropical Indo-Pacific in the preceding autumn, winter, spring, and concurrent summer seasons, preceding autumn-winter tropical Indo-Pacific SSTA and the concurrent Indian Ocean Basin Mode could still modulate the snow-monsoon relationship to some extent. Also, there is a likelihood that SSTA have a time-delayed response of more than a year on the snow-monsoon relationship and that the snow-monsoon relationship is affected by other remote forcings. Several studies have reported the (seasonal) effects of other forcings, such as the North Atlantic Oscillation (NAO) and SSTA (e.g., the Atlantic Multidecadal Oscillation (AMO)), Arctic Oscillation (AO), Antarctic Oscillation/Southern Annular Mode (AAO/SAM), Arctic sea ice, and soil moisture over the Indo-China Peninsula, on TP snow cover or East Asian rainfall (He et al., 2018; Gao et al., 2020; You et al., 2020; Chen et al., 2022; Gao and Li, 2023; Li et al., 2023; Zhang et al., 2023). Finally, there is a possibility that remote atmosphere/oceanic forcings affect TP snow cover and EASM rainfall simultaneously. As outlined in Section 3.2 changed air-sea interaction could be a possible key factor for the strengthening of the WNPSH and subsequently the increased rainfall over East Asia. Although the composite and correlation analyses suggest the existence of a link between TP snow cover and the WNPSH, the LBM simulations do not show this connection, which implies that changes in air-sea interactions could also be driven by remote atmospheric and/or oceanic forcings. These forcings could simultaneously affect snow cover as well. To get a better insight in the connections between snow cover, East Asian rainfall, air-sea interactions, WNPSH, and remote atmospheric/oceanic forcings, identifying causal relationships could be helpful. Causality analyses, have, for instance, been applied to understand the long-term relations between Eurasian snow cover, Indian summer monsoon rainfall and the NAO (Pandey et al., 2022). The connections between TP snow cover, EASM rainfall, and remote forcings illustrate the complexity of the snow-monsoon relationship and emphasize the need for a more detailed understanding of the past, present, and future TP environment and its remote interactions with the atmosphere, ocean, land, and sea ice.
The differences in the driving atmospheric patterns between P1 and P2 that lead to a changing snow-monsoon relationship are most likely attributable to different wave train patterns that are ensuing from different background conditions during summertime. Analyses of the background zonal wind at 200 hPa and upper-tropospheric (200–500 hPa) temperature and meridional temperature gradients indicate that the SWJ and the background meridional temperature gradient are weaker in P2, which could be related to the warming over the Eurasian continent. The changing temperature gradient and intensity of the SWJ can subsequently affect Rossby wave dynamics (Stendel et al., 2021). For instance, a weaker (stronger) meridional temperature gradient and corresponding weaker (stronger) SWJ affects the wave behavior by increasing (decreasing) the waviness of the atmospheric circulation in the vicinity of the SWJ, and therefore can affect the wave patterns as well (Blackport and Screen, 2020; Stendel et al., 2021). There could be several potential explanations for the changing background conditions. One of the potential explanations is that the changing background conditions and ensuing wave patterns during summertime could be attributed to global warming, which could weaken the meridional temperature gradient and SWJ. Global warming could additionally also influence snow cover over the TP and affect the snow-monsoon relationship. For instance, Wang Z. et al. (2021) suggested that the influence of summer snow cover over the TP on EASM circulation and precipitation is weakening after the early 2000s due to a significant warming-induced decline in snow cover. A similar trend in the snow-monsoon relationship is also visible in Figure 2 as the snow-monsoon relationship loses its significance after the early 2000s (Figure 2A), which might as well be related to a decline in spring snow cover. Another potential explanation is that the changing background conditions are caused by interdecadal shifts in oceanic or atmospheric modes, such as the negative-to-positive AMO interdecadal shift of the late 1990s. A recently published study of Wei and Yu (2024) investigating the interdecadal changes between the IOBM and summer precipitation in Central Asia found that the interdecadal shift of the AMO partly contributed to a weakening of the relationship between IOBM and Central Asian precipitation via alteration of the SWJ. Although the timing of the interdecadal shift of the AMO does not coincide with interdecadal shift of the snow-monsoon relationship (early 1990s), similar mechanisms could explain the background changes in zonal wind. Interdecadal shifts that coincide better with the interdecadal shift in the snow-monsoon relationship are, for example, the strengthening of the relation between the NAO and North Atlantic tripole (NAT) SSTAs since the late 1980s (Chen et al., 2020) or the intensification of the interannual relationship between the NAT SSTAs and the Pacific Meridional Mode since the early 1990s (Kao et al., 2022). However, to better understand the impacts of these interdecadal shifts as well as the effects of global warming on the changing background conditions more research is needed.
5 SUMMARY
This study investigates the changing relationship between spring snow cover over the TP and EASM rainfall over time, to see whether differences occur in the snow-monsoon relationship before and after 1990, and what potential mechanisms could be responsible for these differences. The first part of this study focused on the relationships between EASM rainfall and spring snow cover over various parts of the TP and the adjacent IPS. The outcomes of the correlation analyses reveal that the snow-monsoon relationship experience a shift around 1990 from partly negative to positive in all regions and becomes significantly positive over the IPS, WTP, and the combined IPS-WTP domains during the 1990s and early 2000s. Here, the most significant positive correlation was found over the IPS-WTP domain, which remained significant after removal of the effects of SST anomalies over the tropical Indo-Pacific oceans.
To understand the changing relation between EASM rainfall and snow cover over the IPS-WTP region and its association with the driving atmospheric and land surface patterns composite analyses were performed by selecting years with high and low snow cover (HSC and LSC, respectively) for P1 (1968–1990) and P2 (1991–2019). The analyses show that during P1 HSC can be associated with prevailing anomalous cyclones at the midlatitudes during spring that are significant southwest of the TP (i.e., over Iran and Pakistan) and over eastern China, and match well with the cold anomalies. As Figure 12 illustrate, the anomalous cyclone southwest of the TP persists in the following summer, partly due to the underlying snow forcing, and accompanies downstream anomalies, which include an anomalous anticyclone northeast of the TP and an anomalous cyclone over the Korean Peninsula and Japan. Favored by strong background zonal wind and meridional temperature gradients, these anomalies form a strong east-west oriented wave train pattern along the SWJ, which resembles the Silk Road pattern and acts as a Rossby wave guide that further propagates disturbances into East Asia. Promoted by the wave train, the anomalous cyclonic circulation over the Korean Peninsula and Japan induces northerly wind and negative moisture flux anomalies that bring in drier air from the north, leading to moisture divergence and reduced precipitation over northern China.
[image: Figure 12]FIGURE 12 | Schematic illustration of the possible mechanisms associated with the changing relationship between IPS-WTP snow cover and EASM rainfall before (P1, 1968–1990) and after 1990 (P2, 1991–2019). “A” and “C” represent anomalous anticyclones (red circles) and cyclones (blue circles), respectively. “WNPSH” stands for the western North Pacific subtropical high. The black outline represents the outlines of the TP and adjacent mountains ranges. The source of the background imagery is http://naturalearthdata.com/(last access: 9 February 2024).
In P2, anomalous cyclones located over the Mediterranean Sea and the TP in spring have an analogous position to those of P1 in MJ and JJA but are not accompanied by downstream anomalies over East Asia. The anomalous cyclones weaken and lose its significance during MJ and summer, which can partly be attributed to a decline in the underlying snow forcing. Further, the weakening of background zonal wind and meridional temperature gradients limits the development and maintenance of zonally oriented wave train patterns. Nonetheless, the anomalous cyclone over the TP can still propagate wave energy in a southeastward direction in MJ, which contributes to the formation of an anomalous anticyclone over southeastern China and the western North Pacific. Combined with a concurrently developing anomalous cyclonic circulation over Japan, the anomalous anticyclone enhances moisture convergence over the East China Sea and moisture divergence occurs over the Philippine Sea. Furthermore, a changed air-sea interaction via reduced upward latent heating and suppressed convection could be a possible key factor for the strengthening of the WNPSH. Here, the air-sea interaction changes could also be driven by other remote atmospheric and/or oceanic forcings. Along with the strengthening of the subtropical high, the anomalous moisture divergence over the Philippine Sea is sustained in summer, and further affects East Asia via anomalous moisture transport and a meridional atmospheric teleconnection that generates northward (southward) wave energy dispersion in the lower (upper) troposphere and converges moisture transport over East Asia. This meridional circulation enhances the southwesterly inflow of warm and moist air into the EASM domain in MJ and is sustained in summer, which leads to increased precipitation over the respective domain during summertime.
The outcomes of this study aim to contribute to a better understanding on the changing relationship between TP spring snow cover and EASM rainfall and the possible mechanisms. However, the presented research also shows the complexity of this changing snow-monsoon relationship and its uncertainties and limitations. For this reason, more future research is needed to improve our understanding on the relative effects of remote atmosphere, ocean, land, and sea ice forcings on the (changing) relation between TP snow cover and EASM rainfall.
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