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Abstract

:

The South China Sea (SCS) summer monsoon (SCSSM) onset signifies the commencement of large-scale summer monsoon over East Asia and the western North Pacific (WNP). Previous studies on the influencing factors of the SCSSM onset mainly focus on the tropical systems, such as El Niño-Southern Oscillation (ENSO). This study reveals that the wave train along the Asian jet could act as an extratropical factor to modulate the SCSSM onset, and it is largely independent of ENSO. The SCSSM onset tends to be earlier during the positive phase of the wave train (featured by northerly anomalies over Central Iran plateau and eastern China, southerly anomalies over Arabian Peninsula, eastern Indian subcontinent, and eastern Bonin islands). The wave train affects the SCSSM onset mainly via modulating the WNP subtropical high. The wave train during the positive phase can induce negative geopotential height anomalies in the mid-troposphere and anomalous cyclones in the lower-troposphere over the SCS and the Philippine Sea, leading to the weakening of the WNP subtropical high. Specifically, the anomalous ascending motions associated with the low-level cyclone are favorable for the increased rainfall over the SCS, and the anomalous westerly on the south of the anomalous cyclone is conducive to the transition of the zonal wind (from easterly to westerly). The above circulation anomalies associated with the positive phase of the wave train provide a favorable environment for the advanced SCSSM onset.
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1. Introduction


The South China Sea (SCS) is located in the center of the Asian-Australian monsoon, connecting four different monsoon sub-systems: the Indian monsoon, the East Asian monsoon, the Australian monsoon, and the western North Pacific (WNP) monsoon [1]. The South China Sea summer monsoon (SCSSM) onset generally occurs in mid-May around Pentad 28 (16–20 May 2021), which is characterized by a reversal of the low-level easterly to westerly and the abrupt increase in monsoon rainfall [1]. The onset of the SCSSM marks the establishment of the East Asian summer monsoon and the commencement of the major rainy season in East Asia [2,3,4,5]. The earlier or later SCSSM onset has essential impacts on summer climate anomalies in East Asia. Previous studies have shown that when the SCSSM onset is earlier (later), drought (flood) is prone to occur along the Yangtze and Huaihe River Basins of China, South Korea, and Japan in summer [6,7]. The earlier or later SCSSM onset can also affect tropical cyclone activities over the WNP. For example, when the SCSSM onset is earlier, it inclines to generate more tropical cyclones over the WNP in May [8]. Many factors can affect the SCSSM onset, such as synoptic-scale systems including tropical cyclones [9,10] and mid-latitude cold fronts [11,12]; tropical intraseasonal oscillations including quasi-biweekly oscillation and 30–60 day oscillation [13,14]; interannual-scale signals including tropical Indian Ocean SST [15], El Niño-Southern Oscillation (ENSO) [16,17,18], and Arctic Oscillation (AO) [19]. Among them, ENSO is traditionally considered as one of the most important predictors for SCSSM onset [17,18]. The mechanism of El Niño delaying the SCSSM onset is mainly through regulating Walker circulation [20] and exciting an anomalous anticyclone over the Philippine Sea [17,18,21]. However, previous studies on the impact factors of the SCSSM onset mainly focus on the tropical systems; the extratropical systems affecting the monsoon onset are rarely investigated except for AO and cold fronts.



The wave train, along the Asian jet, as an extratropical system, is the leading model of the empirical orthogonal function (EOF) decomposition for meridional wind anomalies in the upper-troposphere [22,23]. The wave train shows alternate southerly and northerly anomalies along the Asian jet and has an equivalent barotropic structure in the vertical [22,23,24,25]. The variability of the wave train can be described by the principal component (PC1) time series of the leading EOF (EOF1) pattern [23,24]. The wave train has important impacts on the Asian summer monsoon circulation system, such as the South Asia high [26] and the WNP subtropical high [27,28]. The wave train can also significantly affect the climate anomalies in East Asia [25,29,30,31,32]. For example, the East Asian triple rainfall pattern in summer is closely associated with this wave train [33]. The interdecadal change of the summer precipitation from a meridional triple pattern to a dipole pattern (south-flood-north-drought) over East China around the late-1990s is also related to the wave train [29]. For the SCSSM, the wave train in September can affect the withdrawal of the SCSSM via modulating the South-westerly anomalies over the SCS [34]. The wave train also led to the extremely late SCSSM onset in 2018 [35].



However, the case of the SCSSM onset in 2018 [35] cannot fully reveal the impacts of the wave train along the Asian jet on the SCSSM onset. This study further investigates the statistical relationship between the wave train and the SCSSM onset, as well as the physical mechanism. Section 2 describes the data and methods used in this study. Section 3 investigates the linkage between the wave train and the SCSSM onset and analyzes the possible mechanism of the wave train affecting the SCSSM onset. The conclusions and discussion are presented in Section 4.




2. Data and Methods


The daily and monthly mean atmospheric reanalysis data used in this study are obtained from the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis 1 dataset [36]. The study also uses monthly mean data from the NCEP–Department of Energy (DOE) reanalysis 2 to verify the results obtained from (NCEP/NCAR) reanalysis 1 dataset. The monthly mean Precipitation data is taken from the Monthly Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP) dataset [37], which is widely used in the study of the SCSSM [1,19]. The above two datasets have a horizontal resolution of 2.5° × 2.5°. The Niño3.4 index is also derived from CPC, which is generally used to represent the ENSO signal [38,39]. The SCSSM onset date is taken from Hu et al. [40]. They determined the SCSSM onset date from six results, which were obtained by applying the same two methods as Kajikawa and Wang [4] and Ding et al. [41] to three kinds of daily reanalysis datasets (NCEP/NCAR, NCEP-DOE, and ERA-Interim). Among these six results, the onset dates had little discrepancies in most years. For the years with large discrepancies, the optimal SCSSM onset date was subjectively determined based on the firm establishment of steady westerly over the SCS. Therefore, the SCSSM onset determined by the above method is more comprehensive and accurate and has been applied to many studies on the SCSSM onset [19,40,42].



The SCSSM onset generally occurs in May; thus, this study focuses on the monthly mean field of May [40,43], and the analyzed period is 1979–2018. In this study, linear correlation coefficient, wavelet coherence, and cross-spectrum analysis [44] are used to analyze the statistical relationship between the wave train and the SCSSM onset. EOF is applied to extract the wave train, and a linear regression analysis is employed to explore the mechanism affecting the SCSSM onset.




3. Results


3.1. The Relationships between the Wave Train along the Asian Jet and the SCSSM Onset


Figure 1 shows wind and geopotential height anomalies in May regressed onto the normalized SCSSM onset date. An anomalous low-level anticyclone appears over the WNP and the SCS, indicating a stronger WNP subtropical high. The anomalous easterly on the south side of this anticyclone can prevent the firm establishment of the low-level monsoonal westerly over SCS, leading to the later SCSSM onset (Figure 1a). In the mid-troposphere, positive geopotential height anomalies appear over the WNP and the SCS, showing a stronger WNP subtropical high (Figure 1b). Namely, the stronger WNP subtropical high can delay the SCSSM onset, while the weaker WNP subtropical high favors the advanced SCSSM onset. The relationships between WNP subtropical high and the SCSSM onset are consistent with previous studies [35,45], indicating the SCSSM onset date employed in this study is reliable.



In addition to the stronger WNP subtropical high, the alternating appearance of positive and negative geopotential height anomalies around 30° N is also evident in Figure 1b, which is similar to the mid-latitude wave train. Therefore, there may be some possible linkage between the SCSSM onset and the mid-latitude wave train. Compared to the geopotential height field, the wave train is more clearly revealed by the meridional wind [22,24]. To confirm the linkage between the mid-latitude wave train and the SCSSM onset, the correlation coefficients between the meridional wind anomalies at 500 hPa in May and the normalized SCSSM onset date are calculated. The layer of 500 hPa is chosen because the subtropical high, as the dominant factor controlling the SCSSM onset [35,45], is more obvious in the mid-troposphere. As shown in Figure 2, southerly and northerly alternately appear along 30° N, showing a clear wave-like structure. Figure 1b and Figure 2 suggest that the mid-latitude wave train may be a possible factor affecting the SCSSM onset.



To determine the statistical relationship between the mid-latitude wave train and the SCSSM onset, EOF analysis is applied to depict this wave train following previous studies [22,23]. Specifically, the EOF analysis is performed for meridional wind anomalies at 500 hPa over the region of 15° N–42.5° N, 30° E–150° E (denoted by the black rectangle in Figure 2). The EOF1 accounts for 23.8% of the total variance and is significantly separated from the other EOF modes, according to North et al. [46]. It is noted that 30° N is exactly the location of the Asian climatological jet axis in May (thick yellow curve in Figure 3). A mid-latitude wave train along the Asian jet is apparent in the EOF1, with northerly anomalies over the central Iranian plateau (around 30° N, 63° E) and eastern China (around 30° N, 115° E), as well as southerly anomalies over the Arabian Peninsula (around 28° N, 40° E), the eastern Indian subcontinent (around 26° N, 85° E), and eastern Bonin Islands (around 32° N, 143° E), respectively. The above meridional wind anomalies distribution is considered as the positive phase of the wave train along the Asian jet in this study.



The normalized SCSSM onset date, PC1 of meridional wind anomalies at 500 hPa, and the previous winter (DJF) Niño3.4 index is further displayed in Figure 4a. The correlation coefficient between PC1 and the SCSSM onset date is −0.352, which is statistically significant at the 95% confidence level. In addition, the wavelet coherence and cross-spectrum also reveal the out-of-phase relationship between PC1 and the SCSSM onset date (Figure 4b). Namely, corresponding to the positive phase of the wave train, the SCSSM onset tends to be later. While for the negative phase of the wave train, the monsoon onset is likely to be earlier. Because ENSO is an important factor of the SCSSM onset [16,17,18], we calculated the partial correlation coefficient between PC1 and the SCSSM onset date after removing the ENSO signal. The partial correlation coefficient is −0.324, still significant at a 95% confidence level. In conclusion, the wave train along the Asian jet is an extratropical factor that may modulate the SCSSM onset, and it is largely independent of ENSO.




3.2. Physical Mechanism behind the Relationships


To investigate the mechanism of the SCSSM onset affected by the wave train along the Asian jet, a linear regression analysis is performed to obtain the circulation anomalies associated with the wave train. As shown in Figure 5, a clear wave train can be observed extending eastward from the South-central Mediterranean to East Asia along the Asian jet (nearly 30° N). Taking the positive phase of the wave train as an example, in the upper-troposphere, there appear positive geopotential height anomalies over Iran and western China. Meanwhile, negative geopotential height anomalies appear over Northeast Africa, Indian Peninsula, and East Asia, respectively. The wave activity flux [47] propagates along the Asian jet eastward from the south-central Mediterranean (Figure 5a). The distribution of geopotential height anomalies and the wave activity flux at 500 hPa are similar to that at 200 hPa, but the significant negative geopotential height anomaly near the Sea of Japan extends South-west to the SCS (Figure 5b). At 850 hPa, except that the negative geopotential height anomaly becomes not obvious in Northeast Africa and disappears in Indian Peninsula, other anomaly centers still exist. Particularly, a negative geopotential height anomaly still extends from the Sea of Japan to the SCS (Figure 5c). The geopotential height anomalies associated with the wave train are similar at different levels, indicating that the wave train has an equivalent barotropic structure in the vertical, which is consistent with previous studies [22,24]. The negative geopotential height anomalies over the WNP and the SCS in May induced by the wave train facilitate the weakening and eastward retreat of the WNP subtropical high, which is an important circulation system for interannual variability of the SCSSM onset [35,45]. Simultaneously, the low-level anomalous cyclone over the Philippine Sea and the SCS also contributes to the weaker WNP subtropical high, and the anomalous westerly on the south of the anomalous cyclone is conducive to the reversal of the low-level wind from easterly to westerly (Figure 5c). Besides, the convergence in the lower-troposphere and the divergence in the upper troposphere over the Philippine Sea are favorable for the anomalous ascending motions, resulting in the weakening of the WNP subtropical high. The weakened WNP subtropical high is favorable for the anomalous westerly into the SCS, contributing to the earlier onset of the SCSSM. In contrast to the positive phase, the negative phase of the wave train is advantageous to the enhancement and westward extension of the WNP subtropical high, which promotes the intrusion of easterly over the SCS, leading to the later onset of the SCSSM.



It is known that the increase in rainfall over the SCS is an important characteristic of the SCSSM onset [1]. The rainfall in May is regressed onto the normalized PC1 to examine the rainfall anomaly induced by the wave train (Figure 6). The regressed rainfall field shows positive anomalies over the SCS, indicating that the positive phase of the wave train is conducive to the occurrence of rainfall over the SCS in May. The positive rainfall anomalies are consistent with the circulation anomalies, which present an anomalous cyclone with the ascending motions over the SCS and the Philippine Sea (Figure 5), promoting the earlier SCSSM onset.



To further confirm, climatological and regressed pentad mean horizontal winds and 850–500 hPa omega are shown in Figure 7. Before calculating the climate average and regression, the data are averaged across the SCS from 110° E to 120° E. The reversal of the wind from easterly to westerly and the establishment of the ascending motions (representing rainfall) between 5° N and 15° N occur in mid-May around pentad 28, namely the climatological SCSSM onset occurs in mid-May around pentad 28 (Figure 7a), which is consistent with previous studies [1,48]. The significant westerly anomalies between 5° N and 15° N occur during pentad 26–29, which favors the establishment of low-level westerly over the SCS (Figure 7b). Meanwhile, gradually enhanced negative vertical velocity anomalies appear during pentad 26–28, which is conducive to the increase in rainfall over the SCS. It is noted that the significant westerly anomalies and the enhanced ascending motions occur over the SCS as early as pentad 26. Therefore, by causing the anomalous westerly and the increase in rainfall over the SCS, the positive phase of the wave train could provide a favorable environment for the advanced SCSSM onset.





4. Conclusions and Discussion


This study reveals that the wave train along the Asian jet could act as an extratropical factor affecting SCSSM onset, which is largely independent of ENSO. In this study, the positive phase of the wave train is characterized by northerly anomalies over the central Iranian plateau and eastern China, and southerly anomalies around the Arabian Peninsula, eastern Indian subcontinent, and eastern Bonin Islands, respectively. The meridional wind distribution of the negative phase is the opposite. The results of the correlation analysis, wavelet coherence, and cross-spectrum analysis show that the SCSSM onset tends to be earlier (later) when the wave train is in the positive (negative) phase.



Figure 8 illustrates the possible mechanism of the SCSSM onset affected by the wave train along the Asian jet in May. Taking the positive phase of the wave train as an example, the wave train could induce the negative geopotential height anomalies over the SCS and the WNP in the mid-troposphere. There also appears to be a significant anomalous cyclone over the SCS and the Philippine Sea in the lower troposphere. Moreover, anomalous ascending motions exist over the SCS and the Philippine Sea. The above circulation anomalies lead to the weakening of the WNP subtropical high. In particular, the anomalous ascending motions are conducive to the occurrence of rainfall over the SCS, and the anomalous westerly on the south side of the anomalous cyclone favors the firm establishment of the westerly. The combined effects of these aspects create a favorable atmospheric environment for the earlier SCSSM onset. The positive phase of the wave train could make the onset date earlier by weakening the WNP subtropical high. Contrary to the positive phase, the negative phase of the wave train could delay the SCSSM onset by strengthening the WNP subtropical high.



This study reveals that the wave train along the Asian jet has impacts on the SCSSM onset, and it is known that the monsoon onset can affect tropical cyclone activities over the WNP. Thus, whether the wave train can affect the generation of tropical cyclones over the WNP needs to be investigated in the future. In this study, the formation and maintenance mechanism of the wave train are not involved, which also need to be investigated in the future.
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Figure 1. (a) Wind at 850 hPa (unit: m    s  − 1    ) and (b) geopotential height anomalies at 500 hPa (unit: gpm) in May regressed onto the normalized time series of the SCSSM onset date for the period of 1979–2018. Only winds that are significant at the 95% confidence level are shown in (a). Dotted areas in (b) indicate that the regression coefficients are significant at the 95% confidence level. The green rectangles indicate that the region (5° N–15° N, 110° E–120° E) to define the SCSSM onset. 
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Figure 2. Correlation coefficients between meridional wind anomalies at 500 hPa in May and the normalized time series of the SCSSM onset date for the period of 1979–2018. Dotted areas indicate that the correlation coefficients are significant at the 95% confidence level. The black rectangle denotes the region (15° N–42.5° N, 30° E–150° E) applied to EOF analysis in Figure 3. 
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Figure 3. The leading EOF (EOF1) of the meridional wind anomalies (shading, unit: m    s  − 1    ) at 500 hPa over the domain 15° N–42.5° N, 30° E–150° E and climatological mean zonal wind (contour, contour interval (CI) = 3 m    s  − 1     )) at 500 hPa in May during 1979–2018. Only the climatological zonal winds speed  ≥  9 m    s  − 1     are displayed. The thick yellow curve delineates the climatological jet axis. 
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Figure 4. (a) The normalized time series of the SCSSM onset date (grey bar), PC1 of meridional wind anomalies at 500 hPa (red line), and the previous winter (December–February, DJF) Niño3.4 index (blue line) during 1979–2018. (b) The wavelet coherence and cross-spectrum between the normalized time series of PC1 and the SCSSM onset date. 
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Figure 5. (a) Geopotential height anomalies (shading, unit: gpm), wave activity flux (vector, unit:    m 2   s  − 2    ), and divergence (green contour, CI = 0.02  ×   10   − 5    s  − 1     ) at 200 hPa in May regressed onto the normalized time series of PC1; (b) geopotential height anomalies, wave activity flux, and omega (purple contour, CI = 0.004 Pa    s  − 1     ) at 500 hPa in May regressed onto the normalized time series of PC1; (c) geopotential height anomalies, wind (vectors, unit: m    s  − 1     ), and divergence (green contour, CI = 0.015  ×   10   − 5    s  − 1     ) at 850 hPa in May regressed onto the normalized time series of PC1. All zero contours are omitted, and the solid (dashed) contours indicate the positive (negative) values. Dotted areas indicate that the regression coefficients of geopotential height anomalies are significant at the 95% confidence level. The grey shading area is the plateaus in (c). 
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Figure 6. CMAP rainfall (shading, unit: mm     day   − 1    ) and wind (vectors, unit: m    s  − 1     ) at 850 hPa in May regressed onto the normalized time series of PC1. Dotted areas indicate that the regression coefficients of rainfall are significant at the 95% confidence level. 
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Figure 7. (a) Climatological pentad mean horizontal winds (vector, unit: m    s  − 1    ) and pentad mean 850–500 hPa omega (shading, unit: Pa    s  − 1     ) for the period of 1979–2018. (b) pentad mean horizontal winds and pentad mean 850–500 hPa omega regressed onto the normalized time series of PC1. The data are averaged across the SCS over the longitude between 110° E and 120° E. Dotted areas and green vectors indicate that the regression coefficient of omega and horizontal winds are significant at the 90% confidence level in (b). 
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Figure 8. A schematic diagram of the mechanism of the SCSSM onset affected by the wave train along the Asian jet. The “+” and “−” symbols denote southerly anomalies and northerly anomalies at 500 hPa, respectively. The light green shaded belt represents the climatological Asian jet at 500 hPa in May. Letter “C” represents an anomalous cyclone over the SCS and the Philippine Sea. A thick vertical arrow indicates anomalous ascending motions. 
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