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Using reanalysis data from the ECMWF and Hadley Centre of the UK Meteorological Office, the present study analyzes the relationship between Indian Ocean Dipole (IOD) in the previous autumn (September–November) and South China Sea Summer (June–August) Monsoon (SCSSM) from 1951 to 2021. It is found that the relationship between the two indices was significantly enhanced from the late 1970s to the beginning of the 21st century, with a significant resonance cycle of 2–4a. The previous autumn IOD forced the Gill pattern in the upper troposphere by changing the Sea Surface Temperature Anomaly (SSTA) of the following summer in the Tropical Indian Ocean (TIO), resulting in the anticyclonic circulation anomaly in the Philippine Sea. It eventually alters the southwest monsoon near the South China Sea and the Philippine Sea. However, for a decade or more, as the Pacific Decadal Oscillation (PDO) phase turns from warm to cold and the relationship between El Niño–Southern Oscillation (ENSO) and IOD weakens, the impact of the previous autumn IOD on Indian Ocean SSTA in the summer of the following year weakens, resulting in a decrease in the correlation between the previous autumn IOD and SCSSM. The impact of the previous autumn’s Indian Ocean SSTA on the following year’s SCSSM is more considered in terms of the eastern Bay of Bengal and the Somali Sea basin. In addition, during the warm phase of PDO, the IOD of the previous autumn can cause abnormal summer precipitation in South China by strengthening or weakening the Western Pacific Subtropical High (WPSH) of the following summer, but there is no significant effect in the cold phase of PDO.
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1 INTRODUCTION
Since Saji et al. (1999) first proposed Indian Ocean Dipole (IOD), its climate effects have attracted more and more attention from researchers (Xiao et al., 2009; Jiang et al., 2021). The Sea Surface Temperature Anomaly (SSTA) at the east and west poles of IOD will not only cause abnormally land temperature and precipitation in countries west and east of the Indian Ocean but also affect climatic factors in many parts of Asia through teleconnection pattern (Saji and Yamagata, 2003). For example, in 1994, the positive IOD event caused climate anomalies in East Asia through Rossby waves (Guan and Yamagata, 2003). Extreme positive IOD in 2019 led to extreme warm anomalies in East Asia in the boreal winter and extreme plum rains in East Asia in the early boreal summer of 2020 (Doi et al., 2020; Takaya et al., 2020; Zhou et al., 2021).
IOD and the Asian monsoon interact with each. The Asian monsoon circulation provides a favorable state for the development of IOD (Xiang et al., 2011). IOD can directly affect the Asian summer monsoon by affecting the lower tropospheric wind, and can also indirectly affect the Asian summer monsoon by affecting the Tibetan high in the upper troposphere and the Northwest Pacific subtropical high (Li and Mu, 2001).
The South China Sea is located in the center of the Asian-Australian monsoon zone. The South China Sea summer monsoon (SCSSM) is the link between the four monsoon subsystems of subtropical East Asia (EA) monsoon, tropical Indian monsoon, Northwest Pacific (WNP) monsoon, and Australian monsoon (Wang et al., 2009). The onset of the SCSSM marks the transition of atmospheric circulation in Asia from a winter to a summer one and the onset of a massive summer monsoon on the EA and WNP at the same time (Tao and Chen 1987; Lau and Yang, 1997). El Niño–Southern Oscillation (ENSO) is critical to SCSSM as the strongest interannual variation signal in a sea-air coupling system. In the warm phase of ENSO, the onset of SCSSM in this year and the next year was late, while in the cold phase, the onset of SCSSM was earlier (Tao and Zhang, 1998; Chen et al., 2018). In recent years, Ding et al. (2016) found that the decadal shift in the onset date of SCSSM is affected by the decadal difference between the eastern Pacific (EP) type and the central Pacific (CP) type ENSO. Although the interannual variability of Sea Surface Temperature (SST) in the tropical Indian Ocean (TIO) is much smaller than in the Pacific Ocean, its impact on the SCSSM is also crucial. IOD and SCSSM are closely related, and their physical connection has been extensively studied. Yan et al. (2005) used the IAP AGCM-II, an atmospheric circulation model, to show that in the absence of the influence of SSTA in the equatorial eastern Pacific Ocean during the simple positive IOD phase, the southwest summer monsoon in East Asia broke out late, and there was a clear westerly wind response from the eastern Bay of Bengal to the South China Sea, which strengthened the Indian summer monsoon and the SCSSM. From the perspective of SCSSM onset pentad, Yuan et al. (2008a) pointed out that the SCSSM onset was late in the next year of the negative IOD year, and there was no obvious abnormality in the positive IOD year. In addition, if the extreme positive IOD event reaches a strong intensity before the onset of the SCSSM of the same year, positive IOD can weaken the Indian Ocean summer monsoon circulation and the upper South China Sea monsoon flow, and develop an abnormal anticyclone in the TIO, thereby hindering the advance of the southwest monsoon in the Indian Ocean to the South China Sea, making the SCSSM onset late in the year (Yuan and Li, 2009). However, under normal circumstances, IOD begins to develop in summer and matures in autumn, so the strength of the Asian summer monsoon may determine the phase and intensity of IOD in that year. The IOD in the early stage may affect the intensity of the SCSSM. As pointed out by Li et al. (2007) study, the intensity of the SCSSM is weakened (enhanced) when positive (negative) IOD mode exists in the TIO in the previous autumn. When the intensity of the SCSSM increases (decreases), a positive (negative) IOD mode appears in the TIO in the autumn of that year.
Several articles have revealed the relationship between IOD and SCSSM and the mechanism of its influence, but in the context of global warming, the mean climate of the TIO will undergo considerable changes. These changes are likely to affect the IOD, e.g., stronger SST warming in the western part of the TIO than in the eastern part, leading to a shift of the convective zone to the west, favoring the westward development of the equatorial easterly wind anomaly, and stimulating non-linear processes that contribute significantly to strong positive IOD events, leading to an increase in the probability of strong positive IOD events (Cai et al., 2013; Cai et al., 2020). Along with the change of climate variability in the Indian Ocean, how will the relationship between the previous autumn IOD and SCSSM change? In this paper, the decadal changes of the influence of the previous autumn IOD on SST and atmospheric circulation in the following summer will be used to explain the reasons for the change in their relationship and their climatic effects.
2 DATA AND METHODS
The reanalysis data used in this paper include: 1) monthly mean reanalysis dataset ERA5 from the European Centre for Medium-Range Weather Forecasts (ECMWF) (Hersbach et al., 2020), with a horizontal resolution of 0.25° × 0.25°; 2) monthly mean sea surface temperature dataset HadISST from the Hadley Centre of the UK Meteorological Office (Rayner et al., 2003), horizontal resolution 1.0° × 1.0°. The length of the data used above is 1950–2021, a total of 72 years. The seasons mentioned in the text are relative to the northern hemisphere.
This paper adopts the SCSSM intensity index defined by Wu et al. (2002). It is defined as the normalized southwest wind component of 850 hPa in the South China Sea (5°N–20°N, 105°E–120°E) area in the summer (June—August), with the following formula:
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Specifically, [image: image] is a projection of the summer mean 850 hPa winds at the direction of southwest over the region; [image: image] is the multi-year mean over the season; [image: image] is the standard deviation of [image: image].
The IOD index is expressed by the difference of the mean SSTA between the tropical West Indian Ocean (10° S-10°N, 50° −70°E) and the tropical Southeast Indian Ocean (10°S-0°, 90°−110°E) in autumn (September-November) as defined by Saji et al. (1999).
The anomalies of all variables in this paper are defined as the deviation from the multi-year average after removing the long-term linear trend. 9a Butterworth high-pass filtering is applied to each dataset to focus on the interannual variability of the SCSSM and previous autumn IOD. The research methods in this paper mainly include wavelet analysis, singular value decomposition (SVD), regression analysis, correlation analysis, and composite analysis. The level of statistical significance in statistical analysis is determined based on the two-tailed p-value of the Student’s t-test.
3 DECADAL VARIATION OF THE CORRELATION BETWEEN PREVIOUS AUTUMN IOD AND SCSSM
The interannual variation of the time series of the SCSSM index and the previous autumn IOD index is obvious (Figure 1A). To examine the decadal variation of the relationship between the previous autumn IOD and SCSSM, the 21a sliding correlation between SCSSM and the previous autumn IOD index was calculated in this paper for the period 1951–2021. As can be seen from (Figure 1B), the correlation was low (did not pass the 0.05 reliability test) until the 1970s, and after the late 1970s, the correlation value between the two indexes increased to greater than 0.43, showing a significant negative correlation. With the decadal change of the two indices, their 21a sliding correlation coefficients first increased and then decreased. In the early 1990s, the correlation was the strongest. After the late 2000s, the correlation coefficient between the two indices decreased and was not statistically significant. Therefore, according to whether the 21a sliding correlation between the two indexes can pass the 0.05 confidence test, this paper divides the period from 1951 to 2021 into three periods: P1 (1951–1977), P2 (1978–2007) and P3 (2008–2021) to discuss the causes of decadal changes in the correlation between the two indices.
[image: Figure 1]FIGURE 1 | (A) Time series of Is and the previous autumn IOD index from 1951 to 2021. (B) The 21a sliding correlation coefficient of the SCSSM index with the previous autumn IOD index (the year in the figure represents the center of the sliding window. The dashed black line indicates the statistical significance level of 0.05 reliability).
4 POSSIBLE MECHANISM ANALYSIS
4.1 Periodic analysis
The change in the correlation is determined by the main periodic characteristics of the two-time series and the corresponding bit-phase differences. As can be seen from Figure 2A, the IOD index exhibits mainly a 4-7a cycle from the 1960s to the 1980s, and the cycle was significantly shortened to a 2-5a cycle in the 1990s, with no significant cycle after the 21st century. The SCSSM index had a short quasi-6a cycle from the late 1960s to the early 1970s (Figure 2B), and it mainly exhibited a 2-7a cycle from the late 1970s to the early 2000s, and a 2-4a cycle existed from the late 2000s to the mid-2010s. During the P2, the two indices are closer to each other in the main cycle, and from the wavelet coherence spectrum analysis of the two indices looking at (Figure 3A), in the late 1970s to the early 21st century, there existed a significant resonance cycle of 2-4a opposite bits between the previous autumn IOD and SCSSM. In contrast, during the P1 and P3, there is no significant resonance cycle for the two indices.
[image: Figure 2]FIGURE 2 | Wavelet power spectrum analysis of (A)the previous autumn IOD index (B) the SCSSM index; The range surrounded by a thick solid line is tested by the standard spectrum of red noise at a significance level of 0.05; the inverted U-shape is an influence cone curve (COI), and the power spectrum outside this curve is not considered due to boundary effects.
[image: Figure 3]FIGURE 3 | (A) Wavelet coherence spectrum (B) cross-wavelet spectrum of the previous autumn IOD and SCSSM index; In the figure, the arrow indicates the relative bit difference, the right arrow indicates that the two change bits are consistent, and the left arrow indicates that the change bits are opposite (The others are the same as Figure 2).
Previous studies have shown that when the Pacific Decadal Oscillation (PDO) is in a warm phase, stronger El Niño events are induced by SSTA in the North Pacific, and the Walker circulation and anticyclonic circulation associated with El Niño events are also strengthened, thus making the ENSO-SCSSM relationship stronger, while in the cold phase of the PDO, stronger La Nina events often cannot be induced (Fan and Fan, 2017). The asymmetric response of the PDO to El Niño and La Niña events leads to a strengthening of the ENSO-SCSSM relationship during the warm PDO phase (P2). The SCSSM with a strengthened relationship with ENSO exhibits a 2-7a cycle similar to ENSO. The period of SCSSM is close to the period of 4-7a and 2-5a of IOD during P2, and they show a resonance period of 2-4a. On the cross-wavelet spectrum (Figure 3B), the period range and time scale of the occurrence of energy extremes also correspond well to the wavelet coherent spectrum.
4.2 SST and atmospheric circulation analysis
To examine the decadal variation of the synergistic relationship between the previous autumn Indian Ocean SSTA and the summer South China Sea 850 hPa wind, the singular value decomposition (SVD) is performed for the summer 850 hPa wind in the South China Sea (5°N–20°N, 105°E–120°E) and the previous autumn Indian Ocean SSTA (30°S–30°N, 30°E–110°E) during the three periods of 1951–1977, 1978–2007 and 2008–2021, respectively. The previous autumn SSTA in the southeastern Arabian Sea and southwestern Bay of Bengal (eastern Bay of Bengal and the Somali Sea basin) in the Indian Ocean have a significant impact on SCSSM during P1 (P3), with a variance contribution of 39.7% (69.1%) (Figures 4A, C). The difference is that the IOD mode in the previous autumn plays a key role for SCSSM during P2 (Figure 4B). The variance contribution rate was as high as 92.2%, which also explained why the correlation between the previous autumn IOD and the SCSSM during P2 was significantly enhanced.
[image: Figure 4]FIGURE 4 | The correlation coefficient of the previous autumn Indian Ocean SSTA with the right-field time series of SVD-PC1 during. (A) P1, (B) P2, and (C) P3. The left field used for SVD is: SSTA in the TIO (30°S–30°N, 30°E–110°E) in the previous autumn; The right field is: the 850 hPa wind field anomalies in the summer of the South China Sea (5°N–20°N, 105°E–120°E), only showing the area that passed the 90% significance test (Figures 6–10 is also the same).
There was no significant correlation signal between SCSSM and the TIO( Pacific Ocean) SSTA in the previous autumn during P1 (Figure 5A). During P2 the SCSSM is positively (negatively) correlated with the East (West) Indian Ocean SSTA and negatively (positive) with the East (West) Pacific SSTA. SCSSM was influenced by both IOD and ENSO in the previous autumn (Figure 5B). During P3, the relationship between SCSSM and the Indian Ocean SSTA was not obvious, but the relationship between SCSSM and the Pacific Ocean SSTA was similar to that in P2. It is noteworthy that the largest negative correlation occurs in the central tropical Pacific rather than the eastern tropical Pacific (Figure 5C). The frequency of CP-type El Niño events has been increasing in recent decades (Yu et al., 2012). It reminds us that the influence of CP-type El Niño on SCSSM predominates in two types of El Niño events during P3.
[image: Figure 5]FIGURE 5 | Spatial distribution of the correlation coefficients between SCSSM index and SSTA in the previous autumn during (A) P1, (B) P2, and (C) P3. The dotted area indicates that it can pass the 90% significance test.
The positive IOD in the previous autumn during P2 is associated with a significant warm SSTA in the TIO in the following summer. The TIO SST warming will excite an easterly wind anomaly at the low level in the western Pacific and the South China Sea through a remote Gill-type response (Figure 6B) (Gill, 1980). In addition, a warmer TIO SSTA will induce an anomalous reversed Walker circulation over the tropical Indo–Pacific Ocean, which leads to descending motion and hence suppressed convection in the western Pacific. Subsequently, the strengthened Philippine anticyclone pushed westward, obstructing the extension of the Indian Ocean westerly winds to the South China Sea area, and not conducive to the development of the SCSSM (Figure 7B) (Yuan et al., 2008b). A southwesterly wind anomaly at the upper level originates in the maritime continent and crosses the South China Sea and the western Pacific, which favors the maintenance of easterly winds at the low level (Figure 8B). The northeast-southwest trending sea level pressure meridional gradient also contributes to the anticyclonic circulation anomaly at a low level, which further strengthens the low-level easterly wind anomaly (Figure 8B) (Chakravorty et al., 2013). In contrast, during P1 and P3 the effect of the previous autumn IOD on SST and atmospheric circulation in the following summer is not as significant as in P2 (Figures 6A, C–8A, C). The significant difference between P2 and P1 (P3) in the previous autumn IOD was the effect on the SSTA in the TIO. The impact of the previous autumn IOD on TIO SSTA during P2 can continue in the following summer. However, during P1 and P3, the correlation between them has descended rapidly in spring, and has been not significant in summer (Figure 9). TIO SSTA warming has a great impact on the Asian monsoon circulation. Positive precipitation anomalies occur in much of the Indian Ocean basin when TIO SSTA warms (Figure 10B), forcing Gill patterns in the upper troposphere and weakening of the southwest monsoon near the South China Sea and the Philippine Sea. Abnormal anticyclonic circulation was formed over the subtropical northwest Pacific Ocean in coordination with the negative precipitation anomaly in the Northwest Pacific Ocean, and finally weakened the South China Sea summer monsoon (Yang et al., 2007; Xie et al., 2009; Xie et al., 2010).
[image: Figure 6]FIGURE 6 | Regression coefficient of the previous autumn IOD index projected to the SSTA (shadows; Unit: °C) and 850 hPa wind anomalies (vector; Unit: m/s) in the summer during (A) P1, (B) P2 and (C) P3.
[image: Figure 7]FIGURE 7 | Regression coefficient of the previous autumn IOD index projected to the 500 hPa potential height anomalies (shadow; Unit: 10gpm) and 500 hPa wind anomalies (vector; Unit: m/s) in the summer during (A) P1, (B) P2 and (C) P3. (The red contours show the 588gpm contours of the multi-year average).
[image: Figure 8]FIGURE 8 | Regression coefficient of the previous autumn IOD index projected to the sea level pressure anomalies (shadows; Unit: hPa) and 200 hPa wind anomalies (vector; Unit: m/s) in the summer during (A) P1, (B) P2 and (C) P3.
[image: Figure 9]FIGURE 9 | Regression coefficient of the previous autumn IOD index projected to the regional mean SSTA in the TIO (10°S–20°N, 30°–110°E) from the previous winter to the following summer. A red dot indicates a pass of the 90% significance test, and a black dot indicates a failure.
[image: Figure 10]FIGURE 10 | Regression coefficient of the previous autumn IOD index projected to the precipitation anomalies (shadows; Unit: mm) in the summer during (A) P1, (B) P2, and (C) P3.
There are two reasons for the decadal shift in the relationship between the previous autumn IOD and SCSSM. On the one hand, it has been shown that the Indian Ocean does not have an independent decadal mode. PDO is one of the sources of its decadal variability (Krishnamurthy and Krishnamurthy, 2016; Xie et al., 2021), which changed from a cold to a warm phase in the late 70s of the 20th century, and to a cold phase in the early 21st century (Mantua and Hare, 2002; Grassi et al., 2012). To examine the difference in the atmospheric circulation of the summer of the following year of IOD under different phases of the PDO, the IOD index of 71a (1950–2020) greater than (less than) 0.6 standard deviations was selected as positive (negative) IOD years (Table 1). To maintain the coordination of positive and negative IOD event ratios, the event samples from the cold phase of PDO are combined and discussed. Under the cold phase of PDO, there are no significant wind anomalies in the western Pacific and South China Sea (Figures 11A, B). In the summer following the positive (negative) IOD of the warm phase of the PDO, the western Pacific and South China Sea regions showed significant easterly (westerly) wind anomalies(Figures 11C, D), weakening (strengthening) the SCSSM. Under different PDO phases, the summer zonal wind anomalies of 850 hPa following positive (negative) IOD events differed significantly in the Western Pacific and South China Sea regions (Figures 11E, F). The warm phase of PDO strengthened the relationship between the previous autumn IOD and the SCSSM.
TABLE 1 | The positive and negative IOD years of the previous year for P1(1951–1977), P2 (1978–2007), and P3 (2008–2021).
[image: Table 1][image: Figure 11]FIGURE 11 | (A,B) Under the PDO cold phase, (C,D) PDO warm phase (A,C) positive IOD, (B,D) negative IOD 850 hPa wind anomaly in the following summer (vector; Unit: m/s); PDO cold and warm phase (E) positive IOD (F) negative IOD 850 hPa wind anomaly difference in the following summer (vector; Unit: m/s); Colour shade indicates latitudinal wind anomalies.
On the other hand, the decadal variation of the relationship between SCSSM and IOD in the autumn of the previous year is influenced by the relationship between IOD and ENSO. Although the Indian Ocean Dipole Model (IODM) and Indian Ocean Basin Model (IOBM) have different spatial distributions and life histories, they are not independent of each other, there is a process of transformation from IODM to IOBM (Du, 2006). The process of the transition from IODM to IOBM is influenced by the decadal transition of the relationship between IOD and ENSO. In the period of high correlation between IOD and ENSO, the transition is significant, while in the period of low correlation, there is almost no transition phenomenon (Guo and Wu, 2022). During P2, the Walker circulation on the Maritime Continent was enhanced and the rising motion increased, which further increased the SST connection between the eastern Indian Ocean and the Western Pacific Ocean, resulting in the enhanced IOD-ENSO relationship, the correlation coefficient between the previous autumn IOD index and the previous winter Nino3.4 index was 0.78, which could pass the 99% significance test (Yuan and Li, 2008). Therefore, during P2, the transition process from autumn IODM to spring-summer IOBM is also more significant, strengthening the relationship between the previous autumn IOD and SCSSM. However, during P1(P3) the correlation coefficient between the previous autumn IOD index and the previous winter Nino 3.4 index was 0.49 (0.51), which could pass the 99% (90%) significance test. The conversion from IODM to IOBM was not significant, and the correlation between IOD and SCSSM decreased.
5 CONCLUSION AND DISCUSSION
In the past 71 years, with the phase conversion of PDO and the change of the relationship between IOD and ENSO, the relationship between the previous autumn IOD and SCSSM has changed decadal. It strengthened in the late 1970s and weakened in the late 2000s. The decadal changes in their relationship may be related to the decadal changes in their cycles and the effects of the previous autumn IOD on TIO SSTA and atmospheric circulation in the following summer. From the late 1970s to the beginning of the 21st century, under the coordination of the warm PDO phase and El Niño, the main period of the two indices was similar. There existed a significant resonance cycle of 2-4a opposite bits between the previous autumn IOD and SCSSM. The previous autumn IOD forced the Gill pattern in the upper troposphere by altering the SSTA of TIO of the following summer, resulting an anomaly anticyclonic circulation in the Philippine Sea and eventually altering the southwest monsoon near the surface of the South China Sea and the Philippine Sea. In addition, the previous autumn IOD also induced a northeast-southwest trend sea level pressure meridional gradient over the tropical Indian Ocean and the northwest Pacific Ocean in the following summer, thus promoting low-level anticyclonic circulation anomalies and further strengthening the low-level easterly wind anomaly. In such a circulation configuration, the correlation between the previous autumn IOD and SCSSM is strengthened during P2. However, for a decade or more, with the phase conversion of PDO and the change of the relationship between IOD and ENSO, the influence of the previous autumn IOD on the TIO SSTA of the next summer has weakened, and the atmospheric circulation anomalies affected by TIO SST are not as significant as in the P2, resulting in a decrease in the correlation between the previous autumn IOD and SCSSM. The impact of the previous autumn’s Indian Ocean SSTA on the SCSSM is more considered in terms of the eastern Bay of Bengal and the Somali Sea basin.
It is worth mentioning that the previous autumn IOD had a significant impact on the precipitation in South China in summer of the following year during P2. It can be explained by the two-stage thermal adaptation theory proposed by Wu et al. (2000). According to the first level of thermal adaptation: sensible heat heating adaptation, the SSTA of the central equatorial Indian Ocean (Figure 6B) increases the evaporation of water vapor and the sea-air temperature difference, resulting in an abnormal increase in sensible heat heating, and a cyclonic circulation appears in the near strata whose eastern region developing abnormal southerly winds carried large amounts of water vapor to the north. Finally, a positive precipitation anomaly was produced in the eastern Bay of Bengal (Figure 10B). According to the secondary thermal adaptation: latent heat heating adaptation, abnormal precipitation in the eastern Bay of Bengal extends northeast with deep convective latent heat heating. At this time, in the lower and middle troposphere, due to the increase of heating with height, southerly winds develop. Eventually, the 500 hPa Western Pacific Subtropical High (WPSH) strengthened to the east of the heating zone, namely, the South China Sea and the Western Pacific region (Figure 7B). Previous studies have suggested that the longitudinal position of the 500 hPa WPSH has an important impact on summer precipitation in China, when the high ridge extends westward (retreats eastward), South China will have less (more) rainfall (Yang and Sun, 2003). The westward push of the WPSH during P2 controlled South China, and the easterly wind in the south of it abnormally blocked the water vapor transported from the Bay of Bengal to South China, combined with the diverging flow in the mid- and low-level troposphere (Yuan et al., 2008a). As a result, South China has less rainfall (Figure 10B). Therefore, in the warm phase of PDO, IOD in the previous autumn can cause summer precipitation anomalies in South China by strengthening or weakening the 500 hPa WPSH in the following summer, but in the cold phase of PDO, there is no significant effect.
Li et al. (2007) showed that in the warm phase of PDO, the effect of the previous autumn IOD on SCSSM was achieved by affecting anomalous trans-equatorial airflow west of Sumatra. The results of this study further show that in the warm phase of PDO, the influence of the previous autumn IOD on SCSSM can also be realized by influencing the abnormal zonal winds in the western Pacific and South China Seas caused by TIO SSTA. From previous studies, it can be seen that IOD events interact with ENSO, and ENSO and IOD interact mainly through the Walker circulation anomaly coupled between the TIO and the tropical Pacific Ocean and the associated ocean fluctuation processes (Zhang and Tan, 2003; Luo et al., 2010; Wang, 2019; Yue et al., 2021). ENSO affects SCSSM through Walker circulation and WPSH anomalies (Zhou and Chan, 2007; Hu et al., 2020). Although we reveal the possible mechanism by which the previous autumn IOD affects SCSSM and its decadal variation, our results are not independent effects of IOD on SCSSM. In the next step, the removal of ENSO signals can be considered to study the influence mechanism of pure IOD on SCSSM and its decadal changes. In addition, the results of this study are based on a statistical analysis of reanalysis data, and the results can be further verified by climate models in future studies.
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