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Abstract

:

In 1998 and 2016, boreal summer intraseasonal oscillation (BSISO) could reach the middle-lower reaches of the Yangtze River basin (YRB), leading to extreme precipitation. Based on multiple daily data, this study reveals the differences in BSISO events and mechanisms between 1998 and 2016. In June–July of 1998 (2016), YRB precipitation was impacted by 30–60-day oscillation, i.e., BSISO1 (10–30-day oscillation, i.e., BSISO2), with two strong (three) precipitation events occurring. In 1998, when BSISO1 was in phases 1–4 (phases 5–8), the YRB experienced a wet (dry) episode. In 2016, when BSISO2 was in phases 1–2 and 7–8 (phases 3–6), the YRB experienced a wet (dry) episode. In 1998, in event 1, the active convection of the YRB first originated in the South China Sea–western Pacific (SCS–WP) and then in the tropical Indian Ocean (IO). In 1998, in event 2, the active convection of the YRB originated in the SCS–WP. In 2016, in events 1 and 3, the active convection of the YRB originated from the SCS–WP. In 2016, in event 2, the active convection of the YRB originated from the tropical IO and the extratropical WP. Different SST and atmospheric circulations explain different BSISO modes that dominate in the YRB. In 1998 (2016), in summer, (no) strong easterly wind anomalies occurred in the SCS–WP, which are favorable (unfavorable) for the enhancement of BSISO1. Accompanying the suppressed BSISO1, BSISO2 was enhanced in 2016.
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1. Introduction


The middle-lower reaches of the Yangtze River basin (YRB), located in eastern China, is a flood-prone area during the boreal summer. Over the past decades, heavy rainfall events occurred frequently, resulting in devastating floods and huge economic losses. Heavy rainfall events over the YRB are always associated with the seasonal march of the East Asian summer monsoon (EASM) [1,2,3,4,5]. The intraseasonal oscillation (ISO) is an important component of the EASM system [6,7,8].



ISO, also known as intraseasonal variation (ISV), exhibits pronounced seasonality [9,10,11]. During the boreal winter, ISO primarily propagates eastward along the equator [12,13,14,15,16,17,18], while the boreal summer ISO (BSISO) is more complicated and there are two dominant modes of BSISO with different quasi-oscillating periods. The 30–60-day oscillation is represented by the first mode of BSISO (BSISO1). The 10–30-day oscillation is represented by the second mode of BSISO (BSISO2). The active convection of BSISO1 could propagate northeastward from the tropical Indian Ocean [19,20,21,22,23,24]. In addition, the active convection of BSISO1 could also propagate northward from the South China Sea (SCS) [11] or northwestward from the western North Pacific (WNP) [25]. The active convection of BSISO2 mainly propagates westward or northwestward from the western North Pacific [26,27,28,29,30]. These two intraseasonal oscillations with different periods tend to display a relation of “as one falls, another rises”. For example, the 10–25-day oscillation is enhanced when the 30–60-day oscillation is suppressed in June, July, and September and vice versa [30].



To facilitate the detection and prediction of the BSISO with different quasi-oscillating periods, Lee et al. [31] proposed the real-time BSISO indices (BSISO1 and BSISO2). BSISO1 is identified by the first two principal components (PCs) of the multivariate empirical orthogonal function (MV-EOF) analysis, which together capture the canonical northward propagating variability with periods of 30–60 days that often occurs in conjunction with the eastward propagating Madden–Julian Oscillation (MJO). BSISO2 is identified by the third and fourth PCs, which together mainly represent the northward or northwestward propagating variability with periods of 10–30 days. These indices suggested by Lee et al. [31] can well represent the poleward-propagating ISO pattern [32,33,34] over the EASM region [8].



The BSISO can propagate poleward and highly impact the summer precipitation in eastern China, including the middle-lower reaches of the YRB [35,36,37,38,39]. Extreme rainfall events over the YRB are often related to the BSISO [40,41,42]. For example, the enhanced precipitation over the YRB during the summer of 1991 was influenced by the 15–35-day oscillation, leading to severe floods [40]. The extreme rainfall events over the YRB in June–July 1996 were associated with the cooperative modulation of the 10–25-day and 30–60-day oscillations [8]. In the summer of 2020, the East Asian monsoon circulation system exhibited obvious characteristics of the 10–20-day oscillation, and the YRB witnessed an extreme rainfall event [43]. Chen et al. [38] suggest that tropical 25–90-day ISO can propagate northward and influence precipitation in the YRB and northern China.



El Niño–Southern Oscillation (ENSO) can significantly impact the year-to-year variability of BSISO [44,45,46,47,48,49]. During both developing [50,51] and decaying summers [52,53], ENSO modulates the BSISO. Specifically, during El Niño decaying summers, the intensity of northward-propagating BSISO tends to be weakened and suppressed [53].



In the past three decades, two extreme El Niño events occurred in 1997/1998 and 2015/2016 [54,55,56]. During the decaying summer of the two strongest El Niños, extreme precipitation occurred over the YRB, and these extreme precipitations were impacted by the BSISO [25,41,57]. In 1998, extreme rainfall events that were influenced by 30–60-day oscillation occurred in the YRB [25,41]. Zhu et al. [25] suggested that the severe floods in eastern China during the summer of 1998 were shown to be consistent with the propagation and activity of the 30–60-day oscillation over the western North Pacific. Sun et al. [41] demonstrated that a 30–60-day oscillation maintained the shape and intensity of the extreme rain belt over the YRB during late June of 1998 and emphasized the effects of wave trains emanating from the northern Indian Ocean. Shao et al. [57] emphasized the role of MJO in causing the extreme rainfall in China in 2016. In June–July of 2016, the strengthened convection over the tropical Indian Ocean, along with the weakened convection over the SCS to the western Pacific, excited a northeastward-propagating Rossby wave train, which was conducive to the enhancement of rainfall over the YRB [57]. Shen et al. [58] found that on the sub-seasonal time scale, summer rainfall in 1998 and 2016 exhibited dramatic diversity, and rainfall anomalies were manifested as a dipole anomaly pattern over eastern China. Further analyses reveal that the sea ice area (SIA) anomaly over the Barents–Kara Seas (BKS) in these two years may have contributed to the reverse August precipitation anomaly in eastern China [58].



It is interesting to note that previous studies have shown that during the decaying summer of El Niño, the activity of the BSISO and associated active convection and precipitation was suppressed [52,53]. However, in 1998 and 2016, as the decaying years of two extreme El Niños, the BSISO activity arrived at the YRB latitude, causing extreme precipitation [25,41,57]. The causes and mechanisms for the far-reaching BSISO and the associated extreme precipitation in the decaying summer of the extreme El Niños 1998 and 2016 remain unclear.



Therefore, one main aim of this study is to explore the possible causes for the intensified precipitation influenced by BSISO during decaying summers of extreme El Niños. In addition, because there is more than one extreme rainfall process occurring in summer, multiple BSISO events are identified and selected in this study. We classify the BSISO events following the definition of Lee et al. [31] to distinguish the 30–60-day oscillation and 10–30-day oscillation. In this paper, a complete rainfall event includes the evolution and transition from a dry episode to a wet episode. Because the dry episode alternates with the wet episode, we analyze the dry and wet phases in each extreme rainfall event. Furthermore, considering different BSISOs may have different source regions, such as the Indian Ocean or the South China Sea–western Pacific, and the source regions are still unclear and controversial in each event, the propagation and origin of the active convection are carefully examined.



The remainder of this study is organized as follows. Section 2 describes the data and methods. Section 3.1 describes the intraseasonal characteristics of the summer precipitation in the YRB and identifies multiple rainfall events in 1998 and 2016. Section 3.2 investigates the evolution of BSISO and its impact on Yangtze rainfall in 1998. The evolution of BSISO and its impact on Yangtze rainfall in 2016 is explored in Section 3.3. Section 3.4 examines the SST and atmospheric circulation background, providing possible explanations for the far-reaching BSISO. A summary and discussion are presented in Section 4.




2. Data and Methods


2.1. Data


The daily and monthly three-dimensional wind datasets were provided by the National Center for Environmental Prediction/the National Center for Atmospheric Research (NCEP/NCAR) Reanalysis 1, which can be found at https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html, accessed on 19 October 2022, with a horizontal resolution of 2.5° × 2.5° [59]. We also used the daily outgoing longwave radiation (OLR) data from the National Oceanic and Atmospheric Administration (NOAA), which can be found at https://www.psl.noaa.gov/data/gridded/data.olrcdr.interp.html, accessed on 19 October 2022, with a horizontal resolution of 2.5° × 2.5° [60]. Daily precipitation data [61,62] were obtained from the NOAA Climate Prediction Center (CPC) and can be found at https://www.psl.noaa.gov/data/gridded/data.cpc.globalprecip.html, accessed on 19 October 2022, with a horizontal resolution of 0.5° × 0.5°. The BSISO1 and BSISO2 indices were downloaded from https://apcc21.org/ser/moni.do?lang=en, accessed on 19 October 2022. We also used the monthly Extended Reconstructed Sea Surface Temperature version 5 (ERSSTv5) [63] dataset, which can be found at https://psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html, accessed on 19 October 2022.




2.2. Methods


To identify the dominant periods of ISO, in this study, we used wavelet analysis [64] to decompose the time series of precipitation anomalies over the middle-lower reaches of the YRB (27° N–32.5° N, 110° E–122° E) for the extended boreal summer (May–October) in 1998 and 2016, respectively.



The BSISO1 and BSISO2 indices follow the definition of Lee et al. [31], using the multivariate empirical orthogonal function (MV-EOF) on the daily 850 hPa zonal wind anomalies and OLR anomalies. PC1 and PC2 are the first and second principal components of MV-EOF, respectively. PC3 and PC4 are the third and fourth principal components of MV-EOF, respectively. Using the BSISO1 and BSISO2 indices [31], the phase evolution of BSISO1 or BSISO2 was illustrated for each rainfall event during the summer of 1998 and 2016. There were two strong rainfall events in 1998 and three rainfall events in 2016. In this paper, based on the wavelet analysis of the raw precipitation anomalies, we defined a complete rainfall event over the YRB including the evolution from a dry episode to a wet episode. Composite analyses for eight phases were performed to examine the spatio-temporal structure of YRB rainfall in relation to the BSISO activity and the related mechanisms. A 10-day running mean was applied to several associated variables (e.g., the OLR and winds) to remove the high-frequency variability. Anomalies of all variables (precipitation, SST, etc.) were defined as deviations of original values minus the climatological mean of the period 1981–2010.





3. Results


3.1. The Intraseasonal Features of Summer Precipitation over the YRB in 1998 and 2016


Positive rainfall anomalies occurred over the YRB during June–July 1998 and 2016 (Figure 1). Here, the YRB covers the main stream of the Yangtze River’s middle and lower reaches, which is consistent with the domain of the YRB in the previous study [4]. The maximum positive precipitation anomalies emerged south of 30° N in 1998 and on both sides of 30° N in 2016. Maximum positive anomalies occurred over the YRB, accompanied by large standard deviations of precipitation anomalies, implying that precipitations over the YRB in 1998 and 2016 were modulated by strong BSISOs (Figure 1).



Figure 2a shows the time series of the area-averaged precipitation anomalies over the YRB during the extended boreal summer (May–October) of 1998. Positive rainfall anomalies mainly emerged from May to July, while the anomalies were much weaker and shorter-lived from August to October (Figure 2a). The traditional summer lasts from June to August. Considering that the positive rainfall anomalies significantly decrease in August, this study focuses on the rainfall events during June–July. The wavelet analyses suggest that the summer precipitation over the YRB in 1998 was mainly controlled by the 30–60-day oscillation (i.e., BSISO1, Figure 2b–d), and the power of a 10–30-day oscillation (i.e., BSISO2) seems much lower than a 30–60-day oscillation. Two heavy rainfall events occurred over the YRB in 1998 from May 24 to June 28 (1998 event 1) and from June 29 to August 3 (1998 event 2), respectively, accompanying the switch between the dry phase and the wet phase of the BSISO (Figure 2a,d). In each rainfall event in relation to BSISO, the dry episode and the wet episode each occupy about half of the whole cycle (Figure 2a,d). Specifically, the dry (wet) phase corresponds to the basically negative (positive) time series of precipitation anomalies in Figure 2a. Similarly, the dry (wet) phase represents the negative (positive) 30–60-day oscillation of precipitation anomalies in Figure 2d. The alternation of negative and positive anomalies denotes the alternation of dry and wet phases.



In 2016 (Figure 3a), the summer rainfall anomalies over the YRB mainly emerged before mid-July, followed by a decrease in August. The wavelet analyses demonstrate that the summer precipitation over the YRB in 2016 was mainly controlled by the 10–30-day oscillation (Figure 3b–d). As mentioned in the previous paragraph, similarly the main focus is on June and July. Therefore, the precipitation events in May and September 2016 were not identified as summer precipitation events. In addition, considering the edge effects, a longer period of time, i.e., the extended summer period from May to October, was selected to perform wavelet analysis. As shown in Figure 2b (Figure 3b), the 30–60-day (10–30-day) oscillations during June and July were statistically significant in 1998 (2016). If we focus only on June–July, the global power spectrum of 10–30-day oscillation in 2016 can pass the 90% confidence level (not shown). During June–July 2016, there were three transitions from the dry episode to the wet episode. In other words, three heavy rainfall events occurred over the YRB in 2016, with dates from 3 June to 20 June (2016 event 1), 21 June to 6 July (2016 event 2), and 7 July to 20 July (2016 event 3), respectively. The first two rainfall events were stronger, with the amplitude of maximum precipitation exceeding about 30 mm·d−1, compared to the third rainfall event, which was weaker than the first two.



The above analyses indicated that the precipitation over the YRB during June–July in 1998 and 2016 displayed pronounced intraseasonal oscillation characteristics. The 30–60-day oscillation dominated the heavy rainfall events in 1998, while the 10–30-day oscillation dominated the heavy rainfall events in 2016. There were two heavy rainfall events during June–July in 1998, with the precipitation maximum located south of 30° N and distinct transitions from the dry episode to the wet episode. There were three rainfall events during June–July in 2016, with the precipitation maximum located on both sides of 30° N.




3.2. The Evolution of BSISO1 and Its Impact on Yangtze Rainfall in 1998


3.2.1. BSISO1 Phase Evolution


As mentioned in Section 3, the summer precipitation over the YRB in 1998 was dominated by the 30–60-day oscillation. To examine the evolution of the 30–60-day oscillation, the BSISO1 index (PC1 and PC2) was used to display the phase-space of the two rainfall events in 1998 (Figure 4). The position of each point denotes the geographical location where active convection emerged.



For rainfall event 1 of 1998 (blue in Figure 4), deep convection arose over the Bay of Bengal and the South China Sea (phases 6–7) and remained there for about a week. Subsequently, the convection migrated towards the tropical Indian Ocean, East Asia, and the Maritime Continent (phases 1–4). The deep convection gradually strengthened and stagnated for about two weeks in the northern Indian Ocean and the Maritime Continent (phase 4). During phase 4, deep convection occurred over the Maritime Continent. At the same time, the extreme precipitation occurred in the YRB (Figure 5d), which could be attributed to the deep convection over eastern China (Figure 6d).



For rainfall event 2 of 1998 (red in Figure 4), deep convection was generated over the northern Indian Ocean and the Maritime Continent (phase 4), and it rapidly weakened in intensity and moved toward the Bay of Bengal and the South China Sea (phases 6–7) and the western North Pacific (phase 8). Then, the convection rapidly strengthened and stagnated for about 10 days in the equatorial Indian Ocean (phase 1). Subsequently, deep convection propagated toward the Maritime Continent (phase 4).



During the wet episode of event 1 in 1998 (June 11 to June 28), deep convection was located in phases 3–4 (blue in Figure 4). The extreme positive precipitation anomalies can be observed in the YRB (Figure 5c,d), corresponding to a strong deep convection over eastern China during this period (Figure 6c,d). During the wet episode of event 2 in 1998 (17 July to 3 August), deep convection was located in phases 1–4 (red in Figure 4). At the same time, the extreme positive precipitation anomalies can be observed in the YRB (Figure 5a–d), corresponding to a strong deep convection over eastern China (Figure 6a–d).




3.2.2. Impact of BSISO1 on Yangtze Rainfall in Eight Phases


Figure 5 presents the composite of the spatial distribution of precipitation anomalies in the YRB during the two events (from 24 May to 3 August) in 1998. In phases 1–4 (Figure 5a–d), i.e., the wet episode, positive precipitation anomalies were observed in the YRB, with the maximum value located south of 30° N. In addition, the maximum positive precipitation anomalies were observed in phase 4, located south of 30° N (Figure 5d). While in phases 5–8 (Figure 5e–h), i.e., the dry episode, negative precipitation anomalies were observed in the YRB, with the maximum negative anomalies occurring in phase 8 (Figure 5h). Precipitation anomalies (Figure 5) are consistent with convection conditions (Figure 6). When the YRB experienced strong convergence anomalies and enhanced convection in phases 1–4, positive precipitation anomalies also occurred during this wet episode. When the YRB was dominated by the suppressed convection in phases 5–8, negative precipitation anomalies also occurred during this dry episode.



To further demonstrate how BSISO1 influences rainfall in the YRB, Figure 6 presents the evolution of composite OLR and 850 hPa wind anomalies of two rainfall events for eight phases in 1998. In phase 1 (Figure 6a), a low-level anomalous anticyclone appeared in the South China Sea, while an anomalous cyclone appeared in the western North Pacific. The anomalous southwesterly winds in the northern part of the anticyclone converged with the anomalous northwesterly winds in the southern part of the cyclone over the YRB, generating active convection. In phases 2–3 (Figure 6b,c), the anomalous anticyclone remained in the South China Sea and strengthened, and its southwesterlies enhanced. The convection also enhanced, affecting the entire YRB. In phase 4 (Figure 6d), the anomalous anticyclone covering the SCS and WNP enhanced, and the Yangtze precipitation was highly influenced by the southwesterlies in the northwestern part of the anticyclone. In phase 5 (Figure 6e), convection in the YRB was suppressed, accompanied by an anomalous cyclone in the SCS and an anomalous anticyclone in the WNP. In phases 6–8 (Figure 6f–h), an anomalous anticyclone stagnated in the YRB and gradually strengthened. The corresponding suppressed convection in the YRB also gradually strengthened.



Vertical motion plays an important role in the evolution of precipitation anomalies in the YRB. The vertical motion represented by meridional wind and omega and the divergence anomalies averaged between 110° E and 122° E in 1998 are shown in Figure 7. During the wet episode (phases 1–4), a descending branch occurred near 15° N and an ascending branch occurred in the YRB, forming a meridional–vertical cell (Figure 7a–d). Significant lower-level convergence and upper-level divergence anomalies (Figure 7a–d) facilitated the transport of water vapor into the YRB, resulting in positive precipitation anomalies (Figure 5a–d). During the dry episode (phases 5–8), ascending airflows emerged near 15° N and descending airflows emerged in the YRB (Figure 7e–h). The lower-level divergence and upper-level convergence anomalies in the YRB (Figure 7e–h) were linked to negative precipitation anomalies in the YRB (Figure 5e–h).




3.2.3. Source of Active Convection


The deep convection may propagate poleward from the tropical Indian Ocean (IO) and the South China Sea–western Pacific (SCS–WP) where the ISO variations can be pronounced [22,50,65,66]. In order to identify whether the deep convection associated with BSISO1 originates from the IO or the SCS–WP region, the area-averaged 30–60-day filtered OLR anomalies in the latitude-time profiles for these two regions are shown in Figure 8a,b. Meanwhile, in order to observe the propagating process of deep convection in the east–west direction during its northward propagation, the longitude-time profile of 30–60-day filtered OLR anomalies is shown in Figure 8c.



In event 1 of 1998, the YRB deep convection had different origins in the early and late stages of the wet episode. The deep convection over the YRB of the early stage originated in the SCS–WP, propagating northward from the SCS and northwestward from the WP (Figure 8b,c). The YRB deep convection of the late stage originated in the tropical IO, propagating northeastward from the IO (Figure 8a,c).



In event 2 of 1998, the YRB deep convection originated from the SCS–WP (Figure 8b,c). Additionally, the active convection propagated northward from the SCS and northwestward from the WP.





3.3. The Evolution of BSISO2 and Its Impact on Yangtze Rainfall in 2016


3.3.1. BSISO2 Phase Evolution


Unlike in 1998, the summer precipitation over the YRB in 2016 was dominated by the 10–30-day oscillation. To investigate the evolution of the 10–30-day oscillation, the BSISO2 index (PC3 and PC4) was used to display the phase-space of the three rainfall events in 2016 (Figure 9). The position of each point denotes the geographical location where active convection occurred.



For event 1 in 2016 (blue in Figure 9), the deep convection was generated in the Indian Ocean–Philippine Sea (phase 2) and then moved to the Bay of Bengal (phases 4–5). This deep convection rapidly strengthened and stayed in the Bay of Bengal for about 9 days, which promoted the positive precipitation in the southern part of the YRB (Figure 10d,e). These positive precipitations were accompanied by the active convection occurring in eastern China in phases 4–5 (Figure 11d,e). Subsequently, the deep convection propagated to the Indian Ocean and the Philippine Sea (phase 2) and stagnated for about 4 days. At the same time, the active convection also occurred in eastern China in phase 2 (Figure 11b), which was favorable for the positive precipitation in the YRB (Figure 10b).



For event 2 in 2016 (red in Figure 9), the deep convection arose from the Indian Ocean–Philippine Sea (phase 2) and gradually migrated to Northeast Asia (phase 7) and the western North Pacific (phase 8), where it remained for about a week and rapidly intensified. At the same time, there was strong deep convection over eastern China in phases 7–8 (Figure 11g,h), which facilitated the positive precipitation anomalies (Figure 10g,h).



The BSISO2 phase evolution trajectory of event 3 in 2016 (green in Figure 9) was similar to that of the 2016 event 1 (blue in Figure 9), except that the intensity of the deep convection was weaker in event 3 (i.e., the smaller amplitude of the BSISO2 index). Correspondingly, the amount of precipitation in event 3 was lower than that in event 1 (Figure 3a).




3.3.2. Impact of BSISO2 on Yangtze Rainfall in Eight Phases


Figure 10 presents the composites of the spatial distribution of precipitation anomalies in the YRB during the three events from 3 June to 20 July for eight phases in 2016. In phase 1–2, positive precipitation anomalies occurred in the YRB (Figure 10a,b), which are consistent with the active convection (Figure 11a,b). In phases 3–6, positive precipitation anomalies occurred that covered the southern part of the YRB and negative precipitation anomalies occurred that covered the northern part of the YRB (Figure 10c–f). The regions with negative (or positive) precipitation anomalies were consistent with the regions where suppressed (or weak active) convection occurred (Figure 11c–f). In phases 7–8, extreme positive precipitation anomalies occurred in the YRB (Figure 10g,h), which are consistent with the strong active convection (Figure 11g,h).



To further demonstrate how BSISO2 impacts rainfall in the YRB, Figure 11 shows the evolution of composite OLR and 850 hPa wind anomalies in 2016. In phase 1, an anomalous cyclone appeared in the tropical Indian Ocean and a strong anomalous anticyclone appeared in the western North Pacific (WNP). Southwesterlies in the northern part of the WNP anticyclone covered eastern China, which is linked with active convection in the YRB (Figure 11a). The circulation pattern in phase 2 was consistent with that in phase 1, except that the anomalous anticyclone and active convection were relatively weaker (Figure 11b). In phase 3 (Figure 11c), the anomalous WNP anticyclone decayed, and weak active convection occurred in the northern SCS and WNP. In phases 4–5 (Figure 11d,e), the anomalous WNP anticyclone shifted eastward and an anomalous cyclone emerged in eastern China. Accompanied by this cyclone, weak active convection emerged in the southern part of the YRB. Additionally, deep convection also occurred in the Bay of Bengal in phases 4–5. In phase 6 (Figure 11f), the anomalous cyclone in eastern China further strengthened. In phases 7–8 (Figure 11g,h), the anomalous WNP anticyclone strengthened and an anomalous cyclone appeared in northern China. The anomalous southwesterly winds in the western part of the anticyclone converged with the anomalous northeasterly winds in the eastern part of the cyclone over the YRB, generating a strong shear line and deep convection. In addition, deep convection also occurred in the equatorial western Pacific.



Figure 12 illustrates the vertical motion and divergence anomalies averaged between 110° E and 122° E in 2016. In phase 1 (Figure 12a), there was an ascending branch over the YRB, with anomalous convergence at lower levels and anomalous divergence at upper levels. The vertical circulation pattern in phase 2 (Figure 12b) was consistent with that in phase 1, except that the upward motion weakened in phase 2. In phases 3–6 (Figure 12c–f), the ascending motion occurred approximately between 20° N and 40° N over southern China, the YRB, and northern China in the lower troposphere. The upward motion is relatively stronger over southern China and northern China and weaker over the YRB. The lower-level convergence over the YRB is shallower than that over southern China and northern China. The weaker lower-level convergence over the YRB was linked to the weaker precipitation anomalies. In phases 7–8, significant lower-level convergence and upper-level divergence anomalies favored a strong ascending motion over the YRB (Figure 12g–h), leading to extreme rainfall anomalies in this region (Figure 10g–h).




3.3.3. Source of Active Convection


To identify whether the active convection associated with BSISO2 originates from the IO or from the SCS–WP region, the area-averaged 10–30-day filtered OLR anomalies in the latitude-time profiles for these two regions are shown in Figure 13a,b. Meanwhile, in order to observe the propagating process of active convection in the east–west direction during its northward propagation, the longitude-time profile of 10–30-day filtered OLR anomalies is shown in Figure 13c.



In event 1 of 2016, the active convection originated in the SCS–WP (Figure 13b,c). Additionally, the active convection propagated northward from the SCS and northwestward from the WP.



In event 2 of 2016, the active convection partly originated in the tropical IO, propagating northeastward from the IO (Figure 13a,c). In conjunction with the tropical ISO from the IO, the active convection also originated in the extratropical western Pacific, propagating southwestward (Figure 13b,c).



Like event 1, the active convection of event 3 of 2016 also originated in the SCS–WP (Figure 13b,c), except that the strength of active convection in event 3 was relatively weaker than in event 1. In addition, the deep convection propagated northward from the SCS and northwestward from the WP (Figure 13b,c).





3.4. SST and Atmospheric Circulation


3.4.1. June–July of 1998


Possible explanations for the far-reaching 30–60-day oscillation and enhanced rainfall in 1998 are as follows: 1998 is not only the decaying year of a strong El Niño, but also the developing year of a strong La Niña. In June–July of 1998 (Figure 14a), strong cold SST anomalies emerged in the equatorial central Pacific. These strong cold SST anomalies in the equatorial central Pacific and the warm SST anomalies in the equatorial western Pacific–eastern Indian Ocean led to a strong east–west gradient of SST, strengthening the low-level easterly anomalies in the Indo-Pacific region. Accompanied by strong easterly wind anomalies in the SCS and western Pacific, a strong shear line extended from the western Pacific to the Indian Ocean. Lower-level cyclonic circulation emerged in the Maritime Continent and the northern Indian Ocean. The enhanced convection over the eastern equatorial Indian Ocean and the western Maritime Continent [67] contributed to the development of the 30–60-day oscillation.



In June 1998 (Figure 14b), strong easterlies occurred in the equatorial western Pacific and anticyclonic circulation occurred in the western North Pacific. The YRB deep convection in the early stage of the wet episode of event 1 (11–18 June) was related to the impact of the Maritime Continent’s cyclonic circulation. The relevant active convection propagated northward to reach the YRB in the early stage of the wet episode. The YRB deep convection in the late stage of the wet episode of event 1 (19–28 June) was related to the impact of the northern Indian Ocean cyclonic circulation. The relevant active convection propagated northeastward to reach the YRB in the late stage of the wet episode. The active convection from the two source regions successively affected the YRB, resulting in a heavy rainfall event.



In July 1998 (Figure 14c), the east–west gradient of SST further intensified, and strong easterlies became stronger and covered a wider region. Accordingly, intense cyclonic anomalies emerged in the northern Indian Ocean–SCS–western Pacific, with the maximum located at the SCS. At the same time as the cyclonic circulation at 180° strengthened and moved westward, the anticyclonic circulation in the western North Pacific weakened and shrank. For event 2 of 1998, the cyclonic circulation in the SCS and western Pacific triggered active convection, and the weakened anticyclonic anomaly failed to suppress the northward and northwestward propagation of the active convection. Compared to June of 1998, due to the further enhancement of cyclonic shear near Borneo Island in July, the 30–60-day oscillation propagated further than in June.




3.4.2. June–July of 2016


The causes for the enhanced ISO rainfall in 2016 are different from that in 1998. As discussed above, the enhanced ISO rainfall can contribute to 10–30-day oscillation. In June–July of 2016 (Figure 15a), there were no SST cold anomalies occurring in the equatorial central Pacific and no strong easterly wind anomalies in the western Pacific. Also, the anticyclone was weaker than it was in 1998. There was no strong cyclonic shear in the SCS and western North Pacific, which was unfavorable for the 30–60-day oscillation. This is consistent with the usual El Niño decaying summers. Meanwhile, the anomalous cyclonic circulation north of New Guinea Island and in the Bay of Bengal both served as two origins of active convection, promoting the development of 10–30-day oscillation. Besides these two origins of active convection in the tropics, the anomalous cyclonic circulation in the east of Japan induced southwestward propagation of ISO from mid-high latitude, which contributed to event 2 of 2016.



In June 2016 (Figure 15b), anomalous cyclonic circulations were observed north of New Guinea Island and in the Bay of Bengal, respectively. In addition, an anomalous anticyclonic circulation was observed over the western North Pacific. During event 1 of 2016, the cyclonic circulation north of New Guinea Island triggered active convection, propagating northwestward to the YRB. During event 2 of 2016, the cyclonic circulation in the tropical Indian Ocean triggered active convection, which propagated northeastward and contributed to the YRB precipitation. At the same time, the anomalous cyclonic circulation east of Japan facilitated the extratropical ISO and this mid-high latitude ISO propagated southwestward to YRB, contributing to the heavy precipitation in event 2 of 2016. For the two origins of active convection for event 2 in 2016, the heavy rainfall in event 2 is the strongest among the three events in 2016.



In July 2016 (Figure 15c), the anomalous cyclone in the Bay of Bengal moved to the southern Asian continent and weakened. The anomalous cyclonic circulation north of New Guinea Island was maintained. During event 3 of 2016, the active convection related to the cyclonic circulation north of New Guinea Island propagated northwestward, promoting positive precipitation anomalies in the YRB.






4. Conclusions and Discussion


The summer rainfall in the Yangtze River basin is significantly influenced by the boreal summer intraseasonal oscillation (BSISO). In the past three decades, two record-breaking El Niño events occurred in 1997/1998 and 2015/2016, and the YRB witnessed extreme precipitation influenced by BSISOs. Based on multiple reanalysis data and BSISO indices, this study examined the periods of BSISOs and identified multiple rainfall events. We investigated the BSISO evolution related to YRB extreme precipitation and the source region of BSISOs, revealing the different causes for different dominating BSISO modes in 1998 and 2016.



BSISO activity that regulated the Yangtze rainfall in 1998 and 2016 displays different periods. In June–July 1998, the Yangtze precipitation was dominated by the 30–60-day oscillation (i.e., BSISO1), while in June–July 2016, the Yangtze precipitation was dominated by the 10–30-day oscillation (i.e., BSISO2), which is in conjunction with extratropical ISO.



Multiple BSISO events were identified and selected since there is more than one extreme rainfall process in summer. Two heavy rainfall events occurred in June–July 1998, while three rainfall events occurred in June–July 2016, with the first two events being heavy rainfall events. Here, a complete rainfall event over the YRB includes the evolution from a dry episode to a wet episode.



Because the dry episode alternates with the wet episode, we analyzed the dry and wet phases in extreme rainfall events. In 1998, when BSISO1 was in phases 5–8, the YRB experienced suppressed convection and negative precipitation anomalies, corresponding to the dry episode. In 1998, when BSISO1 was in phases 1–4, the YRB experienced strong active convection and positive precipitation anomalies, corresponding to the wet episode. In 2016, when BSISO2 was in phases 3–6, the YRB experienced suppressed or weak active convection, negative precipitation anomalies, or weak positive precipitation anomalies, corresponding to the dry episode. In 2016, when BSISO2 was in phases 1–2 and phases 7–8, the YRB experienced strong active convection and significant positive precipitation anomalies, corresponding to the wet episode.



A close inspection identifies the propagation and origin of active convection in each rainfall event. In event 1 of 1998, the YRB deep convection had different origins in the early and late stages of the wet episode. Deep convection of the early stage originated in the South China Sea–western Pacific (SCS–WP), propagating northward from the SCS and northwestward from the WP. Deep convection of the late stage originated in the tropical Indian Ocean (IO), propagating northeastward from the IO. In event 2 of 1998, the YRB deep convection originated in the SCS–WP and the active convection propagated northward from the SCS and northwestward from the WP. In event 1 and event 3 of 2016, the YRB deep convection originated from SCS–WP and the active convection propagated northward from the SCS and northwestward from the WP. In event 2 of 2016, the YRB deep convection partly originated from tropical IO, propagating northeastward from the IO. At the same time, the active convection also originated in the extratropical western Pacific, propagating southwestward. The strength of active convection in event 2 was stronger than the other two events, which led to stronger precipitation.



Due to the differences in SST and atmospheric circulation, the modes of BSISO dominance in the YRB are different. Possible explanations for the far-reaching BSISOs in 1998 and 2016 are as follows: 1998 is the decaying year of a strong El Niño and it is also the developing year of a strong La Niña. During the summer of 1998, strong easterly wind anomalies occurred in the tropical western Pacific and the South China Sea, which were conducive to the enhancement of the 30–60-day oscillation and its propagation to the YRB. During the summer of 2016, there were no strong easterly wind anomalies in the tropical western Pacific and the South China Sea, which were unfavorable for the enhancement and propagation of 30–60-day oscillation. Accompanying the suppressed 30–60-day oscillation in 2016, 10–30-day oscillation was enhanced. In event 1 and event 3 of 2016, besides the active convection propagating northward from the SCS, the cyclonic shear near New Guinea Island facilitated the enhancement of 10–30-day oscillation and its northwestward propagation to the YRB. In event 2 of 2016, there was a combined impact of 10–30-day oscillation from the tropical Indian Ocean and extratropical western Pacific, leading to extreme rainfall in YRB. For convenient viewing, a table has been provided to summarize the BSISO features and mechanisms in 1998 and 2016 (see Table 1).



Some studies focus on the YRB’s extreme rainfall in 1998 [25,41] or 2016 [57,68]. Zhu et al. [25] suggested that the heavy rainfalls in eastern China during the summer of 1998 were related to the 30–60-day oscillation over the western North Pacific. Sun et al. [41] emphasized the effects of wave trains emanating from the northern Indian Ocean during the late June of 1998. It seems that source regions of intraseasonal oscillations related to the YRB extreme precipitation in 1998 are inconsistent and controversial [25,41]. Through identifying multiple rainfall events, we found that the 30–60-day oscillation associated with the YRB’s extreme precipitation in 1998 could have originated from the Indian Ocean, as well as from the South China Sea and the western Pacific region. Shao et al. [57] emphasized the role of MJO in causing the extreme rainfall in China in 2016, especially the northeastward-propagating Rossby wave train associated with the strengthened convection over the tropical Indian Ocean. Zhang et al. [68] studied the quasi-biweekly oscillations of the YRB’s summer rainfall in 2016 from the perspective of potential vorticity anomalies around the eastern Tibetan Plateau. This study revealed the impact of poleward propagating tropical 10–30-day ISO on the extreme rainfall in the YRB in 2016. It is shown that extratropical ISOs from the extratropical western Pacific may also have contributed to the YRB’s extreme rainfall in 2016, such as in 2016 event 2.



Previous studies have investigated and compared causes for the extreme rainfall events occurring in the YRB in 1998 and 2016 [58,69]. Yuan et al. [69] suggested that the circulation systems were more similar in May–July than in August in 1998 and 2016. The overall precipitation in the YRB in May–July both increased in 1998 and 2016, which could be attributed to a more westward-extending western Pacific subtropical high and a weaker-than-normal East Asian summer monsoon. Shen et al. [58] suggested that the rainfall exhibited dramatic diversity in August 1998 and 2016, and rainfall anomalies were manifested as a dipole anomaly pattern over eastern China. They also revealed that the positive and negative SIA anomaly over the BKS in 1998 and 2016 may contribute to the reverse August precipitation anomaly in eastern China. In this study, we focused on the June–July extreme rainfall and the different impacts of BSISO on multiple extreme rainfall events in the YRB in 1998 and 2016. We carefully examined the BSISO propagating processes, the source regions, and possible explanations for different BSISO dominance in the YRB. It is interesting to study the extreme rainfall and the causes from different perspectives.



Intraseasonal oscillations (ISOs) have an impact on near-global precipitation [17,70]. ISOs can significantly affect the Australian summer monsoon [71,72,73,74], as well as intraseasonal precipitation in South America [75] and Africa [76]. Strong convective activity centers emerge in the Indian Ocean [77], and the ISO influences the Indian summer monsoon [78]. Meanwhile, the ISO in summer has a significant influence on both the North American summer monsoon [79,80] and the East Asian summer monsoon [1,3,4,5]. Our research further enriches the understanding of the impact of BSISO on East Asian summer monsoon precipitation, especially on the related extreme precipitation.



In recent decades, ENSO diversity has increased. This study contributes to a better understanding of the regulations of ENSO diversity on the interannual variability of BSISO activity. This also provides new insights into the impacts of ENSO on BSISO-related extreme precipitation and the prediction of BSISO. Besides the Yangtze River basin, the summer rainfall in southern China is also significantly influenced by the BSISO [30,38,81,82]. It will be interesting to further explore the impacts of BSISO on summer precipitation in southern China.
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Figure 1. Spatial distributions of daily precipitation anomalies (contours, mm·d−1) and their standard deviations (shading, mm·d−1) in eastern China for June–July of (a) 1998 and (b) 2016. The red boxes denote the Yangtze River basin (YRB, 27° N–32.5° N, 110° E–122° E). The blue lines represent the Yellow River and the Yangtze River, respectively. 
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Figure 2. (a) Time series of precipitation anomalies for the period of the extended boreal summer (May–October) 1998, area-averaged over the YRB (27° N–32.5° N, 110° E–122° E). The blue solid line represents the first heavy rainfall event (1998 event 1, 24 May to 28 June), and the red solid line represents the second heavy rainfall event (1998 event 2, 29 June to 3 August). (b) Wavelet power spectra (contours) of the time series of the area-averaged YRB precipitation anomalies for the extended boreal summer in 1998 using the Morlet as a wavelet basis function. The black dashed lines indicate the 85% confidence level. (c) Global power spectrum of precipitation anomalies over the YRB. The black (red) dashed line indicates the 85% (90%) confidence level. (d) The time frequency of the time series of the area-averaged YRB precipitation anomalies for the extended boreal summer in 1998. The black curve denotes the cone of influence outside which the edge effects become important. 
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Figure 3. (a) Time series of precipitation anomalies for the period extended boreal summer (May-October) 2016, area-averaged over the YRB (27° N–32.5° N, 110° E–122° E). The blue solid line represents the first heavy rainfall event (2016 event 1, 3 June to 20 June), the red solid line represents the second heavy rainfall event (2016 event 2, 21 June to 6 July), and the green solid line represents the third rainfall event (2016 event 3, 7 July to 20 July). (b) Wavelet power spectra (contours) of the time series of the area-averaged YRB precipitation anomalies for the extended boreal summer in 2016 using the Morlet as wavelet basis function. The black dashed lines indicate the 85% confidence level. (c) Global Power spectrum of precipitation anomalies over YRB. The black dashed line indicates the 85% confidence level. (d) The time-frequency of time series of the area-averaged YRB precipitation anomalies for the extended boreal summer in 2016. The black curve denotes the cone of influence outside which the edge effects become important. 
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Figure 4. Phase-space representation of the first two principal components (PCs) BSISO1 index (PC1 and PC2) for the 1998 event 1 (blue) and event 2 (red), with each dot representing the amplitude of the index on a particular day. The black circle represents the region where the amplitude of the BSISO (PC12 + PC22) is less than 1. For each phase, the approximate location of the active convection during the propagation of BSISO1 is shown. The solid (open) circles indicate the starting (ending) position and the positions in the dry (wet) episode. 
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Figure 5. Composite anomalies of precipitation (shading, mm·d−1) for the 1998 event 1 and event 2 in eastern China; (a–h) represent phases 1–8, respectively. The number of days for each phase of BSISO1 is given in each panel. 
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Figure 6. Composite anomalies of OLR (shading, W·m−2) and 850 hPa wind (vectors, m·s−1) for the 1998 event 1 and event 2; (a–h) represent phases 1–8, respectively. “C” denotes cyclonic circulation and “A” denotes anticyclonic circulation. The number of days for each phase of BSISO1 is given in each panel. 
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Figure 7. The vertical–meridional cross-section of divergence anomalies (shading, 10−6 s−1) and meridional wind (vector, m·s−1) and omega (10−2 Pa·s−1) averaged over 110° E–122° E for the 1998 event 1 and event 2; (a–h) represent phases 1–8, respectively. The yellow dashed lines indicate 27° N and 32.5° N. The number of days for each phase of BSISO1 is given in each panel. 
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Figure 8. (a,b) Latitude-time plots of 30–60-day filtered daily OLR anomalies (shading, W·m−2) averaged over (a) the Indian Ocean (IO, 60° E–110° E) and (b) the South China Sea–western Pacific (SCS–WP, 110° E–160° E) from 15 May to 31 August 1998. The area between the black dashed lines indicates the latitude scope of the YRB (27° N–32.5° N). (c) Longitude-time plots of 30–60-day filtered daily OLR anomalies (shading, W·m−2) averaged over 10° S–40° N from 15 May to 31 August 1998. The area between the black dashed lines indicates the longitude scope of the YRB (110° E–122° E). The yellow arrows denote the propagation of active convection in rainfall events. 
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Figure 9. Phase-space representation of the second two principal components (PCs) BSISO2 index (PC3 and PC4) for the 2016 event 1 (blue), event 2 (red), and event 3 (green), with each dot representing the amplitude of the index on a particular day. The black circle represents the region where the amplitude of the BSISO (PC32 + PC42) is less than 1. For each phase, the approximate location of the active convection during the propagation of BSISO1 is shown. The solid (open) circles indicate the starting (ending) position and the positions in the dry (wet) episode. 
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Figure 10. Composite anomalies of precipitation (shading, mm·d−1) for the 2016 event 1, event 2, and event 3 in eastern China; (a–h) represent phases 1–8, respectively. The number of days for each phase of BSISO2 is given in each panel. 
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Figure 11. Composite anomalies of OLR (shading, W·m−2) and 850 hPa wind (vectors, m·s−1) for the 2016 event 1, event 2, and event 3; (a–h) represent phases 1–8, respectively. “C” denotes cyclonic circulation and “A” denotes anticyclonic circulation. The number of days for each phase of BSISO2 is given in each panel. 
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Figure 12. The vertical–meridional cross-section of divergence anomalies (shading, 10−6 s−1) and meridional wind (vector, m·s−1) and omega (10−2 Pa·s−1) averaged over 110° E–122° E for the 2016 event 1, event 2, and event 3; (a–h) represent phases 1–8, respectively. The yellow dashed lines indicate 27° N and 32.5° N. The number of days for each phase of BSISO2 is given in each panel. 
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Figure 13. (a,b) Latitude-time plots of 10–30-day filtered daily OLR anomalies (shading, W·m−2) averaged over the (a) IO and (b) the SCS–WP from 15 May to 31 August 2016. The area between the black dashed lines indicates the latitude scope of the YRB (27° N–32.5° N). (c) Longitude-time plots of 10–30-day filtered daily OLR anomalies (shading, W·m−2) averaged over 10° S–40° N from 15 May to 31 August 2016. The area between the black dashed lines indicates the longitude scope of the YRB (110° E–122° E). The yellow arrows denote the propagation of active convection in rainfall events. 
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Figure 14. The anomalies of SST (shading, °C) and 850 hPa wind (vector, m·s−1) in (a) June to July, (b) June, and (c) July of 1998. “C” denotes cyclonic circulation and “A” denotes anticyclonic circulation. 
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Figure 15. The anomalies of SST (shading, °C) and 850 hPa wind (vector, m·s−1) in (a) June to July, (b) June, and (c) July of 2016. “C” denotes cyclonic circulation and “A” denotes anticyclonic circulation. 
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Table 1. Comparison of BSISO in 1998 and 2016.
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	Year
	BSISO
	Number of Rainfall Events
	Phases

for Wet or Dry Episode
	Source of BSISO

and Other ISO
	SST and Atmospheric Circulation





	1998
	BSISO1

(30–60-day oscillation)
	2
	wet episode:

phases 1–4

dry episode:

phases 5–8
	event 1: SCS–WP/IO

event 2: SCS–WP
	cold SST anomalies appearing in central equator Pacific

	→

	
strengthen easterlies




	→

	
reinforce cyclonic shear




	→

	
BSISO1 propagate poleward









	2016
	BSISO2

(10–30-day oscillation)
	3
	wet episode:

phases 1–2/7–8

dry episode:

phases 3–6
	event 1: SCS–WP

event 2: IO, extratropical WP

event 3: SCS–WP
	without cold SST anomalies appearing in central equator Pacific

	→

	
weaken easterlies




	→

	
unfavorable for BSISO1 propagating poleward




	→

	
BSISO2 propagate poleward
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