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As two important components of the Asian summer monsoon system, the intensities of South Asian High (SAH) and Somali jet (SMJ) in summer exhibit both interannual and decadal variabilities. On the interdecadal timescale, the temporal evolution of the SAH intensity is in phase with that of the SMJ intensity. By comparison, we find that both of them evolve synchronously with the Atlantic Multidecadal Oscillation (AMO), with AMO cold/warm phases corresponding to the weakening/strengthening of SAH and SMJ. Further diagnoses indicate that the interdecadal variabilities of the SAH and SMJ intensities in summer may be modulated by the AMO phase. Mechanistically, this modulation appears to be achieved via an interdecadal Silk Road pattern (SRP)-like wave train along the Asian westerly jet and Matsuno–Gill tropical atmospheric response. The cold SST anomaly over extratropical North Atlantic related to the AMO firstly induces an anomalous high over Western Europe and produces a well-organized wave train between 30°N and 60°N. The anomalous Iranian Plateau low along with the wave train path leads to a weakened SAH. Besides, the AMO-related cold SST anomalies over tropical North Atlantic cool the tropical tropospheric atmosphere through the moist adjustment process and produce a Matsuno–Gill-like atmospheric response covering the tropical Indian Ocean. Due to the Matsuno–Gill response, subsidence motion anomalies over the central tropical Indian Ocean corresponding to a result in increased lower-level divergence and upper-level convergence are excited over the tropical Indian Ocean. Finally, the tropical Indian Ocean divergence in the lower troposphere leads to the weakened summer SMJ, and the tropical Indian Ocean convergence in the upper troposphere results in the decrease and northward displacement of SAH in summer.
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INTRODUCTION
The Atlantic Multidecadal Oscillation (AMO) is a prominent basin-scale mode of multidecadal variability in North Atlantic sea surface temperatures (SSTs). Bjerknes (1964) first found the consistent variations of SSTs and sea level pressures (SLPs) in 30°–50°N of the North Atlantic during 1920–1960, with a gradually warming trend. Subsequently, Folland and Parker (1990) revealed that the North Atlantic SSTs gradually entered into a cooling stage from 1960 to 1980. After 1990, the North Atlantic SSTs were warming up again (Delworth and Mann, 2000; Kerr, 2000). Kerr (2000) formally defined this multidecadal variability in North Atlantic SSTs as the AMO. The AMO showed two leading periodicities of about 60–80 and 10–30 years with different regimes (Lin et al., 2019), which have an important impact on global climate, regional climate, and even El Niño–Southern Oscillation (ENSO) (Knight et al., 2006; Li and Bates, 2007; Feng and Hu, 2008; Li et al., 2008; Luo et al., 2011).
The AMO influence on the Indian summer monsoon (ISM) has been investigated by several recent studies based on observations and models. The positive phase of the AMO could induce increased summer rainfall in central and southern Indian, intensified ISM, and late withdrawal of the ISM (Goswami et al., 2006; Sutton and Hodson, 2007; Li et al., 2008; Wang et al., 2009). Despite an overall consistency of the AMO influence on the ISM in previous studies, there are still some disputes about the magnitude of the forcing and the responsible mechanism. Based on observations, Goswami et al. (2006) proposed that a positive-phase AMO induces atmospheric responses like the summer North Atlantic Oscillation (NAO) pattern, leading to warming over the Eurasian continent and intensifying thermal contrast between the Indian subcontinent and the tropical Indian Ocean and consequently stronger ISM. Feng and Hu (2008) suggested a different mechanism in which the AMO exerts its impact by changing surface thermal status over the Tibetan Plateau rather than the summer NAO. Through Atmospheric General Circulation Model (AGCM), Li et al. (2008) and Wang et al. (2009) also suggested that the AMO influences the India Summer Rainfall (ISR) via an increased meridional gradient of the tropospheric temperatures and intensification of the monsoonal low-level jet, but no significant NAO-like responses. Luo et al. (2011) viewed that the AMO influence on ISR is achieved through a propagating Rossby wave train from the North Atlantic across South Asia, which leads to enhanced South Asian High (SAH) and consequently a strengthening of the ISM.
In addition to the impact on the ISM, the AMO also has a certain modulation effect on summer precipitation in East Asia. The AMO warm phase is conducive to the enhancement of the East Asian summer monsoon (EASM) and the increase of precipitation in the Yangtze River Basin (Lu et al., 2006; Li et al., 2008). The warm AMO-related North Atlantic SSTs are favorable for the earlier onset of Meiyu, and the cold SSTs over North Atlantic in preceding winter and spring are related to the later onset of Meiyu (Xu et al., 2001). Wang and Li (2019) also pointed out that the turning of summer eastern China precipitation in the early 1990s is related to the AMO with its impact mainly concentrated in low-latitude regions.
The circumglobal teleconnection (CGT) pattern is a leading circulation mode over the Northern Hemisphere (NH) during boreal summer, which is propagating around the hemisphere along the subtropical upper-tropospheric westerly jet (Ding and Wang, 2005). The wave train propagating over the Eurasian continent (Lu et al., 2002) or the Silk Road pattern (SRP) (Enomoto, 2004) is considered to be a portion of the CGT. Recent studies found that the AMO has a considerable impact on this teleconnection pattern. Using five AGCMs driven by specified AMO-related SST anomalies (SSTAs) in the North Atlantic, Lin et al. (2016) verified that the interdecadal component of the CGT (ID-CGT) should be excited, at least partially, by the AMO-related SSTAs, and ID-CGT plays a role in linking the AMO and NH summer land surface air temperature (SAT) perturbations on the interdecadal timescale. Based on the 20CR data, Wu et al. (2016) also indicated that, during boreal summer, AMO-related SSTAs are associated with a wave train-like teleconnection pattern located along the NH westerly jet.
As two of the most important components of the Asian summer monsoon system, SAH and Somali jet (SMJ) have influence on the weather and climate in the Asian regions (e.g., Krishnamurti and Bhalme, 1976; Cadet and Desbois, 1981; Halpern and Woiceshyn, 2001; Huang and Qian, 2004; Lei and Yang, 2008; Watanabe and Yamazaki, 2014; Wei et al., 2014). The SAH is a large-scale anticyclone circulation system over the Tibetan Plateau and its adjacent regions in summer. In addition to the polar vortex, the SAH is suggested to be the strongest and most stable atmospheric circulation system in the upper troposphere (100 hPa) of NH (Mason and Anderson, 1963; He et al., 2006; Liu et al., 2009). On the other hand, the SMJ is a low-level cross-equatorial flow (CEF) at the strategic fulcrum of the Indian Ocean, characterized by southeasterly trade winds in the Southern Hemisphere, a strong and narrow CEF off the coast of Somalia, and southwesterly winds over the Arabian Sea (Simpson, 1921; Joseph and Raman, 1966; Findlater, 1969; Krishnamurti and Bhalme, 1976; Qian et al., 1987; Chakraborty et al., 2009; Pu and Cook, 2010). This low-level current is most prominent in summer and has its maximum wind speed center at approximately 925 hPa (Pu and Cook, 2010; Xiao et al., 2015). These two important atmospheric circulation systems of the NH in summer change not only interannually but also interdecadally (Zhang et al., 2000; Shi et al., 2007; Boos and Emanuel, 2009; Pu and Cook, 2010; Zhu, 2012; Yang et al., 2013; Jia and Liu, 2020). As Shi et al. (2007) investigated, the strength of the SMJ increased, on average, by 0.25 m s−1 per decade during 1948–2004. Zhu (2012) demonstrated that the low-level (925-hPa) Somali CEFs showed a strong upward trend, with two marked increases in strength in the late 1970s and the late 1990s. Moreover, Zhang et al. (2000) pointed out that the mutation of the SAH strength in the late 1970s is consistent with that of the Pacific SSTs. Yang et al. (2013) also suggested that the interdecadal transition of the SAH intensity occurred in the late 1970s, which was associated with the anomalies of the surface sensible heat flux in the plateau (especially in the northwest of the plateau). Actually, on the interdecadal timescale, the temporal evolution of the SAH is synchronous with that of the SMJ during 1951–2010 characterized by one-wave type. When the SMJ is weak (strong), the summertime SAH is also weak (strong) and retreats westward (advances eastward) (Shi et al., 2017). As mentioned above, the AMO plays an important role in components of the Asian summer monsoon system, e.g., ISM, EASM, and ID-CGT. However, it remains unclear whether the AMO, as one of the most important interdecadal atmospheric signals, has dominant modulation impact on the interdecadal variabilities of the SAH and SMJ in summer. This topic is focused on in this study. The Data and Methods section describes the data and methods used in this study. The Interdecadal Variations of the South Asian High, Somali Jet, and Atlantic Ocean Sea Surface Temperature in Summer section presents the interdecadal variation of the SAH and SMJ intensities, as well as their linkages with the AMO. The Modulation Mechanism of the Summer South Asian High and Somali jet by the Atlantic Multidecadal Oscillation on an Interdecadal Timescale section further investigates the modulation mechanism of the AMO phase-related SSTAs on the SAH and SMJ interdecadal variabilities in summer via an interdecadal SRP-like wave train along the Asian westerly jet and Matsuno–Gill-like tropical atmospheric response. The Summary section provides a summary of key findings in this study.
DATA AND METHODS
In order to satisfy the requirements of the decadal variability analyses, several long-term monthly mean atmospheric reanalysis datasets are used in this study, including the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research (NCAR) reanalysis dataset (Kalnay et al., 1996, https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html), the Japanese 55-year Reanalysis (JRA-55) dataset (Kobayashi et al., 2015, http://search.diasjp.net/en/dataset/JRA55), the European Centre for Medium-Range Weather Forecasts (ECMWF) 20th-century reanalysis (ERA-20c) dataset (Poli et al., 2013, https://apps.ecmwf.int/datasets/data/era20c–moda/levtype=pl/type=an/), and the Twentieth Century Reanalysis dataset, version 3 (20CRv3; Compo et al., 2011, https://psl.noaa.gov/data/gridded/data.20thC_ReanV3.html). The variables include horizontal wind, geopotential height, vertical velocity, air temperature, specific humidity, and relative vorticity at pressure levels, SLP and SAT. In addition, the monthly mean SST data are obtained from the Version 1.1 Hadley Center Global Sea Ice and Sea Surface Temperature (HadISST1.1; Rayner et al., 2003) dataset that is available online from the United Kingdom Met Office (http://www.metoffice.gov.uk/hadobs/HadISST1.1/). The resolution, pressure level, and record period of these data are given in Table 1.
TABLE 1 | Datasets used in this study.
[image: Table 1]The summer is defined as the average of June, July, and August (JJA). The SMJ strength index (SMJI) is defined to check the SMJ strength variation. Following Dai and Xiao (2014), the SMJI is calculated by area weighted averaging the 925-hPa meridional wind over the region of (equator; 40°–55°E), where the SMJ is generally located. The intensity of the SAH (SAHI) is defined as the sum of differences between the geopotential height at each point and the characteristic one (i.e., 16,600 gpm) over the SAH region (10°S–50°N, 30°W–180°E) following the method proposed in Zhang et al. (2002, 2005). The area of the SAH (SAHA) is computed by counting the points at which the geopotential height is equal to or greater than the characteristic height of 16,600 gpm in the region (Zhou et al., 2006). The SRP pattern is defined as the first empirical orthogonal function (EOF) mode of the summer mean 200-hPa meridional wind over the domain (20°–60°N, 30°–130°E; Kosaka et al., 2009), and the SRP index is defined as the normalized first principal component accordingly. Following Ting et al. (2009), the AMO index is defined as area-averaged SSTAs in the North Atlantic (0°–60°N, 80°W–0°) with the linear trend signal removed through regression analysis. To maintain consistency and for easy comparisons among the datasets with consideration for their different temporal coverages, the analysis periods of this study are the overlapping periods of different datasets (i.e., 1958–2010 for JRA-55, 1948–2010 for NCEP/NCAR, and 1900–2010 for 20CRv3 and ERA-20c). Since we focus on the decadal variability, the linear trend signals in all statistical analysis datasets are removed to isolate the contribution of the trends from that of natural variability (Nan et al., 2009). The interdecadal component of a variable is extracted using a 9-year Gaussian low-pass filter. The statistical significance of composite is evaluated based on a two-tailed Student’s t-test, and the effective degree of freedom (Ndof) is evaluated as follows (Zhou and Zheng, 1999):
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where N is the sample size and [image: image]is the sample spacing. Nh and Nl represent the maximum and minimum sample sizes passed in the filtering process, respectively. fn and fp are the Nyquist frequency and the pass bandwidth of the frequency, respectively. In this study, the wave-activity flux for stationary Rossby waves is analyzed to investigate the propagation direction of wave energy as proposed by Takaya and Nakamura (2001). Its horizontal components in pressure coordinates are as follows:
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Here, overbars and primes denote mean states and deviations from the mean states, respectively; subscripts [image: image] and [image: image] represent zonal and meridional gradients; [image: image]denotes horizontal wind velocity; [image: image] represents eddy stream functions.
INTERDECADAL VARIATIONS OF THE SOUTH ASIAN HIGH, SOMALI JET, AND ATLANTIC OCEAN SEA SURFACE TEMPERATURES IN SUMMER
Variations of the South Asian High, Somali Jet, and Atlantic Multidecadal Oscillation Indices
We first examine the variability of the SAH, SMJ, and AMO on the interdecadal timescale using four reanalysis datasets from 1958 to 2010 for JRA-55, 1948–2010 for NCEP/NCAR, and 1900–2010 for 20CRv3 and ERA-20c. Following previous studies (Wei et al., 2014, 2015), the dominant modes of the 200-hPa geopotential height anomalies over (15°–40°N; 20°–130°E), where the main body of the SAH is generally located, extracted by the EOF technique are usually used to examine the SAH variation. Figure 1 shows the first EOF (EOF1) modes and the corresponding principal component (PC1) time series of the summer 200-hPa geopotential height anomalies from four reanalysis datasets. Spatial patterns of the EOF1 show same-sign geopotential height anomalies over the considered area and seem obviously consistent in four reanalysis datasets (Figures 1A,C,E,G). The EOF1s of the JRA-55, NCEP/NCAR, 20CRv3, and ERA-20c account for 58%, 57.3%, 65.6%, and 59% of the total variances, respectively. The correlation coefficients between the PC1 and the normalized SAHI index are calculated in Table 2 for the different datasets. The two time series are highly consistent with each other in four datasets with all of the correlation coefficients exceeding 0.8. Thus, the EOF1 represents the variation of the SAH strength.
[image: Figure 1]FIGURE 1 | Spatial pattern of the first EOF for the summer geopotential height anomalies (gpm) at 200 hPa in the (A) JRA-55, (C) NCEP/NCAR, (E) 20CRv3, and (G) ERA-20c datasets. The red contour denotes climatological location of the summer SAH featured by the 12,500 gpm (for the JRA-55, NCEP/NCAR, and 20CRv3 datasets) and 12,400 gpm (for the ERA-20c dataset) contours. Contour intervals are 0.1 gpm. The normalized time series of the SMJI (gray dashed line) and the principal component time series of the first EOF (PC1; black solid line) with their 9-year running averaged components, respectively, denoted by blue and red solid lines in the (B) JRA-55, (D) NCEP/NCAR, (F) 20CRv3, and (H) ERA-20c datasets. EOF, empirical orthogonal function; JRA-55, Japanese 55-year Reanalysis; NCEP/NCAR, National Centers for Environmental Prediction/National Center for Atmospheric Research; 20CRv3, Twentieth Century Reanalysis dataset, version 3; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis; SAH, South Asian High; SMJI, Somali jet strength index.
TABLE 2 | Correlation coefficients between the PC1 and SAHI index in the different datasets.
[image: Table 2]Before any analysis is performed, the consistency of the SAH and SMJ strength variabilities represented by the different datasets is checked by calculating the correlation coefficients of the PC1 and SMJI time series among the datasets (Table 3). Almost all of the correlation coefficients exceed the 95% confidence level based on two-tailed Student’s t-test, except for the correlation coefficients of the SMJI index between the NCEP/NCAR and 20CRv3 dataset. The SAH strength variability in the ERA-20c dataset is highly consistent with that in the JRA-55 and 20CRv3 datasets, with all the correlation coefficients on the order of 0.75 or higher during their overlapping periods. In contrast, the SMJ strength variability is less consistent among the different datasets with only the correlation coefficients between the ERA-20c and JRA-55 datasets for the period of 1958–2010 exceeding 0.7. Therefore, the ERA-20c datasets during the period of 1900–2010 is used throughout this study except where otherwise stated explicitly. As evidenced by Figures 1B,D,F,H, the remarkable interdecadal variabilities of the SAH and SMJ strength are clearly seen by PC1 and SMJI time series. Except for the 20CRv3 dataset, almost all of the correlation coefficients between the 9-year running averaged component of the PC1 and those of the SMJI in the different datasets are on the order of 0.6, exceeding the 99% confidence level. The time series of the SMJI on the interdecadal timescale is in phase with that of the PC1 as shown by the 9-year running averaged component of the PC1 and SMJI. Our previous work also verified the positive correlation between SMJ strength and South Asian High on interdecadal timescale, when the SMJ strength is weak (strong), the summertime South Asian High is also weak (strong) and retreats westward (advances eastward) (Shi et al., 2017). As revealed by previous studies, the synchronous variability of the SAH and SMJ strength could be achieved via the upper-level tropical easterly jet across the Indian subcontinent (Ashfaq et al., 2009; Hu et al., 2010; Ren et al., 2014; Shi et al., 2017). A stronger summer SAH changes the upper-level wind circulations and leads to the anomalous easterly flow over the south of the SAH location (represents a stronger upper-level tropical easterly jet). Thus, anomalous lower-level westerly flow over the Arabian Sea occurs via the meridional circulation of the ISM and leads to a strengthening of the SMJ.
TABLE 3 | Correlation coefficients of the SMJI and PC1 indexes among the different datasets for the periods 1958–2010, 1948–2010, and 1900–2010.
[image: Table 3]The AMO is one of the two leading modes of the internally generated interdecadal variability of the climate system (the other is the Interdecadal Pacific Oscillation) (Liu, 2012). It has considerable impacts on the summer monsoon system. As previous studies investigated, the AMO-related SSTAs show a basin-wide warming/cooling in the North Atlantic, with tropical and extratropical branches centered over the tropical North Atlantic and Labrador Sea, respectively (e.g., Sutton and Hodson, 2005; Gastineau and Frankignoul, 2015). Figures 2B–I show regressions of the interdecadal SST component onto the interdecadal component of the SMJI and PC1 in summer from the different datasets. The AMO-like regression SST patterns are seen from the northern Atlantic Ocean in the JRA-55, 20CRv3, and ERA-20c datasets. In contrast, the AMO-like SSTAs are much weaker in the NCEP/NCAR dataset than those in the other datasets. This analysis reveals a positive correlation of the AMO with the SAHI and SMJI in an interdecadal timescale. A remarkable feature of the AMO index in the latest 100 years is that the AMO has experienced three cold–warm phase turnings, with the turning points in near mid-1920s, 1960s, and mid-1990s (Figure 2A). Comparing Figures 1F,H and Figure 2A, it is easy to find that these three indices (PC1, SMJI, and AMO) evolve almost synchronously on multidecadal timescales, with the two AMO cold phases (AMO−) for a period of 59 years (1900–1925 and 1963–1995) corresponding to the weak phases for the SAH and SMJ, and the two warm AMO phases (AMO+) for 52 years (1926–1962 and 1996–2010) corresponding to the strong phases for the SAH and SMJ.
[image: Figure 2]FIGURE 2 | (A) Normalized summer AMO index (black solid line) time series and its interdecadal component (thick line with filled colors) during the time period 1900–2010. Regressions of the summer SST (units: K) interdecadal component onto the interdecadal component of the summer (B,D,F,H) SMJI and (C,E,G,I) PC1 from the (B,C) JRA-55, (D,E) NCEP/NCAR, (F,G) 20CRv3, and (H,I) ERA-20c datasets. Black dots indicate the 95% confidence levels based on two-tailed Student’s t-test. AMO, Atlantic Multidecadal Oscillation; SST, sea surface temperature; SMJI, Somali jet strength index; JRA-55, Japanese 55-year Reanalysis; NCEP/NCAR, National Centers for Environmental Prediction/National Center for Atmospheric Research; 20CRv3, Twentieth Century Reanalysis dataset, version 3; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
Variations of the Wind and Geopotential High Fields
In the following, we further conduct a composite analysis of the summer 925-hPa wind anomalies, 200-hPa geopotential height anomalies, and zonal mean meridional wind anomalies below 500 hPa along equator for AMO− years (1900–1925 and 1963–1995) and AMO+ years (1926–1962 and 1996–2010). The blue and pink solid contours in Figure 3 represent the composited ridge lines (i.e., 12,500- or 12,400-gpm contours of the 200-hPa geopotential height) of the summer SAH for the AMO− and AMO+ years, respectively. Figures 3E,F show that significant northwesterly/southeasterly anomalies appear over the western Indian Ocean between 0° and 25°S for AMO−/AMO+ years in the ERA-20c dataset, indicating marked weakening/strengthening of the SMJ in the AMO cold/warm phase. This is also announced by northerly/southerly wind anomalies for the AMO−/AMO+ phase from the ERA-20c dataset at 40°E below 600 hPa, which is the domain region of the SMJ, with its maximum center occurring between 800 and 700 hPa (Figures 4C,D). The significant northerly/southerly anomalies from the Arabian Sea to the Southern Indian Ocean are also seen from the 925–hPa wind anomalies composite of the 20Rv3 dataset (Figures 3A,B). The northerly/southerly wind anomalies exceeding 90% confidence level for AMO−/AMO+ phase in the 20CRv3 dataset are also found at 50°E below 800 hPa. Furthermore, associated with the AMO cold/warm phase, large-scale negative/positive geopotential height anomalies at 200 hPa are seen from Figures 3C,D,G,H with significant values over Northeast Asia and the Mediterranean Sea and extending from the Arabian Peninsula to the Bay of Bengal. In comparison, the significant height anomaly area from the 20CRv3 dataset, which extends from the Northern Africa to the northwestern Pacific Ocean is substantially larger than that from the ERA-20c dataset. The above evidences indicate that when the AMO is in the cold (warm) phase, the summer SAH tends to weaken and shrink (intensify and expand) as revealed by the composited ridge lines and the composites of the SAH intensity and area calculated in Table 4. The quantitative analyses in Table 4 clearly show that the differences of the SAH area and intensity between the warm and cold AMO phases from both 20CRv3 and ERA-20c datasets are significant and exceed the 95% confidence level.
[image: Figure 3]FIGURE 3 | A composite of the summer (A,B,E,F) 925-hPa wind anomalies (unit: m s−1) and (C,D,G,H) 200-hPa geopotential height anomalies (gpm) during (A,E,C,G) AMO− and (B,F,D,H) AMO+ from the (A–D) 20CRv3 and (E–H) ERA-20c datasets. The blue and pink solid contour denotes composites of the 12,500 gpm (for the 20CRv3 dataset) or 12,400 gpm (for the ERA-20c dataset) contour at 200 hPa during AMO− or AMO+ periods in summer. Contour intervals are ±4, ±6, ±8, ±10, ±12, and ±14 gpm (C,D) and ±4, ±8, ±10, ±12, ±14, and ±16 gpm (G,H). Dots and black bold vectors denote values that attained the 95% significance level. AMO, Atlantic Multidecadal Oscillation; 20CRv3, Twentieth Century Reanalysis dataset, version 3; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
[image: Figure 4]FIGURE 4 | A composite of the zonal mean meridional wind anomalies (unit: m s−1) below 500 hPa along the equator in summer during (A,C) AMO− and (B,D) AMO + periods from the (A,B) 20CRv3 and (C,D) ERA-20c datasets. Areas covered by dashed contours denote values that attained the 90% significance level. AMO, Atlantic Multidecadal Oscillation; 20CRv3, Twentieth Century Reanalysis dataset, version 3; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
TABLE 4 | Composite values of the summer SAHI (unit: gpm) and SAHA (unit: grids) in warm/cold AMO phase, as well as their difference from the 20CRv3 and ERA-20c datasets during the period of 1900–2010.
[image: Table 4]MODULATION MECHANISM OF THE SUMMER SOUTH ASIAN HIGH AND SOMALI JET BY THE ATLANTIC MULTIDECADAL OSCILLATION ON AN INTERDECADAL TIMESCALE
The previous section illustrated that the interdecadal variabilities of the SAH and SMJ in summer were closely associated with the AMO. In the following, we extend our investigation into how the variations of the SAH and SMJ on the interdecadal timescale are modulated by the AMO phase.
Interdecadal Silk Road Pattern-Like Wave Train
To investigate the effects of the AMO phases on the intensity of the SAH and SMJ on the interdecadal timescale, a composite analysis is performed on the lower and upper atmospheric circulations for the AMO− and AMO+ periods. Figure 5 illustrates the composites of the SSTAs over the northern Atlantic Ocean and SLP anomalies in summer during the AMO− and AMO+ periods for the ERA-20c dataset during the period of 1900–2010. In the AMO− phase, the negative SSTAs are clearly seen over nearly the whole northern Atlantic Ocean region. Two significant value branches centered over the tropical North Atlantic and Labrador Sea. However, remarkable positive SLP anomalies are located near 20°N and 60°N of the Atlantic Ocean, as well as around the west of the Arabian Peninsula. Clearly, the large-scale negative SLP anomalies appear in Northeast Asia. In the AMO+ phase, the result is well similar to that in the AMO− but with the opposite sign. The tropical and extratropical branches of the SSTAs are coinciding with the location of the SLP anomalies over the northern Atlantic Ocean. It seems that the cold/warm Atlantic Ocean SSTAs could promote/reduce SLP anomalies over the tropical and extratropical Atlantic Ocean because of the atmospheric instability. Significantly, the SLP anomalies around the west of the Arabian Peninsula weaken/enhance the SLP gradient between the tropical Indian Ocean and the continent to its northwest, which will mainly contribute to the decreased/reinforced SMJ strength on the interdecadal timescale as shown in Figures 3E,F.
[image: Figure 5]FIGURE 5 | A composite of the summer (A,B) SST anomalies (unit: °C) and (C,D) sea level pressure anomalies (Pa) over the northern Atlantic Ocean during (A,C) AMO− and (B,D) AMO+ periods from the ERA-20c dataset during the period 1900–2010. Dots denote values that attained the 95% significance level. SST, sea surface temperature; AMO, Atlantic Multidecadal Oscillation; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
Along the Asian westerly jet, there is a wave train-like teleconnection pattern zonally propagating from Europe to East Asia. This pattern is referred to as the SRP, which is similar to the CGT over the Eurasian continent (e.g., Ding and Wang, 2005; Hong et al., 2018). The SRP, the leading mode of the upper tropospheric meridional wind anomalies in summer (e.g., Hong and Lu, 2016; Kosaka et al., 2009; Sato and Takahashi, 2006; Cen et al., 2020), indicates both a remarkable interannual component and a considerable decadal component (e.g., Enomoto et al., 2003; Lu et al., 2002; Sato and Takahashi, 2006; Hong et al., 2018; Wang et al., 2017; Lin et al., 2016). The temporal evolution in the interdecadal component of the SRP was found to be synchronous with that in the AMO. Based on sensitivity experiments driven by the specified AMO-related SSTAs in the North Atlantic using five AGCMs, Lin et al. (2016) suggested that ID-CGT pattern should be excited, at least partially, by the AMO-related SSTAs. To confirm this, Figures 6A,B illustrate composites of the summer 200-hPa meridional wind anomalies and the summer horizontal wave activity flux during the AMO− and AMO+ phases for 1900–2010. The wind anomalies appear as a clear wave-like pattern characterized by alternate southerly and northerly anomalies along the Asian westerly jet (the blue solid contours in Figure 6). The midlatitude wave train is consistent with the interdecadal component of SRP as announced by various previous studies (e.g., Chen and Huang, 2012; Hong and Lu, 2016; Kosaka et al., 2009; Lu et al., 2002; Sato and Takahashi, 2006; Yasui and Watanabe, 2010). For the AMO− period, southerly anomalies are centered over the tropical North Atlantic, Labrador Sea, Caspian Sea, and northeast Asian and northerly anomalies around the East Europe, North Africa, Lake Belga, and east of the Okhotsk Sea (Figure 6A). The wave activity flux (Takaya and Nakamura 2001) associated with the AMO− phase emanates from Europe, enters the Asian jet stream near the Caspian Sea, and points continuously eastward toward East Asia along the jet stream, confirming that the wave-like pattern is a Rossby wave train. For the AMO+ period, locations and amplitudes of the anomalous centers tend to be similar but with the opposite phase (Figure 6B). To further confirm whether this AMO-related wave-like pattern is similar to the interdecadal SRP, we then compare the regression of the interdecadal component of the summer 200-hPa meridional wind and horizontal wave activity flux anomalies onto the interdecadal component of the summer AMO and SRP indices in Figures 6C,D. Clearly, the alternate southerly and northerly anomalous centers along the Asian westerly jet are essentially consistent in Figures 6C,D, except for the anomalies over the northern Atlantic Ocean. Both regressions of the horizontal wave activity flux anomalies in Figures 6C,D are propagating from East Asian to Europe along the jet stream, which reveals the warm AMO phase corresponding to the negative phase of the SRP. Similar results are obtained by Wang et al. (2017), and they also suggest that the positive (negative) phase of the AMO significantly facilitates the occurrence of a negative (positive) phase of the interdecadal SRP (e.g., figure 9B and figures 11A,B of Wang et al., 2017). The spatial similarity coefficient between the regression of the interdecadal 200-hPa meridional wind onto the AMO index (Figure 6C) and that onto the SRP index (Figure 6D) in the main SRP region (30°–60°N, 30°–130°E) is as high as 0.72, indicating that the AMO-related wave-like pattern is a SRP-like wave train.
[image: Figure 6]FIGURE 6 | A composite of the 200-hPa meridional wind (V200) anomalies (color shading; unit: m s−1) and the horizontal component of the wave activity flux (arrow; unit: m2 s−2) in summer during (A) AMO− and (B) AMO+ periods. Regressions of the interdecadal component of the summer 200-hPa meridional wind anomalies (color shading; units: m s−1) and horizontal wave activity fluxes (arrow; unit: m2 s−2) onto the interdecadal component of the summer (C) AMO and (D) SRP index from the ERA-20c datasets during the period 1900–2010. The blue solid contours are climatological 200-hPa zonal wind in summer (units: m s−1). Contour intervals are ±0.2, ±0.4, and ±0.6 m s−1 (A,B,D) and ±0.1, ±0.3, and ±0.5 m s−1 (C). Dots denote values that attained the 90% significance level. AMO, Atlantic Multidecadal Oscillation; SRP, Silk Road pattern; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
Figure 7 is the same as Figure 6, but for the summer 200-hPa geopotential height anomalies (departures from zonal means), 200-hPa relative vorticity anomalies, and horizontal wave-activity flux anomalies. In the AMO− phase, a well-organized wave train between 30°N and 60°N propagates along the Asian westerly jet (the blue solid contours in Figure 7) with positive geopotential height/negative relative vorticity anomalies over the northern Atlantic Ocean and east of the Caspian Sea and negative geopotential height/positive relative vorticity anomalies over the Mediterranean Sea, Arabian Peninsula–Iranian Plateau, and Northeast Asia (Figures 7A,C). These positive and negative anomalies are consistent with the 200-hPa meridional wind anomalies shown in Figure 6A. Actually, this atmospheric wave train originated from the extratropical Atlantic Ocean, which can be confirmed by the wave activity flux (Figure 7A). This suggests that in virtue of the strong barotropic instability at the jet exit region over the North Atlantic during the AMO− phase, an anomalous high can be triggered over the extratropical Atlantic Ocean, followed by alternatively positive and negative anomalies further downstream. The consistent positive anomalies over the extratropical Atlantic Ocean and negative anomalies over Northeast Asia in SLP with those in 200-hPa geopotential height reveal a barotropic structure. The barotropic property of the Rossby wave train on interdecadal timescale as suggested by previous studies (Luo et al., 2011; Lin et al., 2016; Hong et al., 2018) also can be revealed by the zonal mean height/relative vorticity from 30°W to 120°E in Figure 8. The barotropy of the cyclonic/anticyclonic centers between 0° and 30°E in the AMO−/AMO+ phase is relatively weak in the geopotential height field (Figures 8A,B), but it is strong and significant in the relative vorticity field (Figures 8C,D). As suggested by Hoskins et al. (1977), the relative vorticity has some advantages over geopotential height in representing the two-dimensional propagation of Rossby waves.
[image: Figure 7]FIGURE 7 | A composite of (A,B) the departure from zonal mean 200-hPa geopotential height (HGT) anomalies (color shading; unit: gpm) and (C,D) the 200-hPa relative vorticity anomalies (color shading; unit: 10−6 s−1) with the horizontal wave activity flux (arrow; unit: m2 s−2) in summer during (A) AMO− and (B) AMO+ periods from the ERA-20c datasets during the period 1900–2010. The blue solid contours are climatological 200-hPa zonal wind in summer (units: m s−1). Contour intervals are ±2, ±4, and ±6 gpm (A,B) and ±0.6, ±1.2, and ±1.8 × 10−6 s−1 (C,D). Dots denote values that attained the 90% significance level. AMO, Atlantic Multidecadal Oscillation; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
[image: Figure 8]FIGURE 8 | A composite of the (A,B) zonal mean (30°–50°N) geopotential height anomalies (departures from zonal means; unit: gpm) and (C,D) the relative vorticity anomalies (color shading; unit: 10−6 s−1) in summer during (A,C) AMO− and (B,D) AMO+ periods from the ERA-20c dataset during the period 1900–2010. Areas covered by dotted contours denote values that attained the 90% significance level. AMO, Atlantic Multidecadal Oscillation; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
As indicated by the wave activity flux, the interdecadal SRP-like wave train excited by the cold SST anomalies over the extratropical Atlantic Ocean propagates poleward across Europe and then to the equator across Northeast Asia. Specifically, the negative 200-hPa geopotential height/positive 200-hPa relative vorticity anomalies from the Mediterranean Sea to the Arabian Peninsula corresponding to the positive SLP anomalies around the west of the Arabian Peninsula indicate a strong baroclinicity of the local atmospheric circulation, which is favorable to the weakening of the SAH and SMJ. Meanwhile, the strong and significant anomalies over the northwest Pacific Ocean in the geopotential height field (departure from zonal mean) are relatively weak and insignificant in the original geopotential height (Figures 3G,H) and relative vorticity fields (Figures 7C,D), which suggests that the weakening or strengthening of the summer SAH mainly rely on the low/high anomaly from the Arabian Peninsula to the Bay of Bengal (Figures 3G,H). In the AMO+ phase, a similar Rossby wave train pattern propagating from the North Atlantic across Northeast Asia is visible (Figures 7B,D), but with a quite opposite phase. The above result indicates that a propagating Rossby wave train associated with the AMO−/AMO+ phase leads to reduced/enhanced SAH via the anomalous Arabian Peninsula–Iranian Plateau low/high along with its path, and consequently a weakening/strengthening of the SMJ through the weakened/enhanced pressure gradient between the tropical Indian Ocean and the continent, which is caused by the baroclinic structure of the local atmospheric circulation over the Arabian Peninsula–Iranian Plateau (Figures 5C,D).
Tropical Atmospheric Response
By now, we have clearly demonstrated the modification of AMO-related SSTAs on the interdecadal variabilities of the SAH and SMJ intensities through the propagation of the interdecadal SRP-like wave train excited by the extratropical heating branch. As diagnosed in Figures 5A,B, the tropical heating branch related to the AMO phase cannot be ignored, but how it can exert influence on the interdecadal variabilities of SAH and SMJ intensities is still unclear. To investigate the tropical atmospheric response to AMO-related SST anomalies, we conducted a composite analysis of SAT anomalies, equivalent potential temperature (EPT) anomalies at 1,000 hPa, and tropospheric temperature anomalies (average between 850 and 200 hPa) in summer during the AMO− and AMO+ periods (Figure 9). For the summer SAT, significant negative temperature anomalies exist over the tropical and extratropical North Atlantic, as well as the northern African continent and Central Siberia area in AMO−, but there are obvious positive anomalies over these domains in the AMO+. The response of the EPT anomalies at 1,000 hPa is the same as that of the SAT, but with the significant value around the Central Siberia area, which expands southward to the tropical Indian Ocean, which is a result of the Matsunuo–Gill response of the tropical atmosphere. For the tropospheric temperature (average between 850 and 200 hPa), the temperature response exhibits a Matsunuo–Gill-like pattern with uniform negative/positive values zonally extending to the entire tropical region in the AMO−/AMO+ phase. Qian et al. (2002) pointed out that the center of the SAH has the heat preference property, which is usually located over or moving toward an area with larger heating rates. Huang et al. (2011) also indicated that tropical tropospheric temperature variation is closely related to geopotential height anomalies at the upper troposphere and variation of the SAH in terms of both intensity and spatial location. The tropospheric warming over the tropical Indian Ocean is favorable for a positive height anomaly in the south of the SAH location in summer, which results in the strengthening and southward shifting of the SAH. According to the barometric equation, the negative/positive AMO-related tropical SSTAs cool/warm the tropospheric temperature in the south of the SAH location and then lower/elevate the height above it, which is favorable for the weakening/strengthening and northward/southward expansion of the SAH.
[image: Figure 9]FIGURE 9 | A composite of the summer (A,B) surface air temperature anomalies (unit: °C), (C,D) equivalent potential temperature anomalies (unit: °C) at 1,000 hPa, and (E,F) tropospheric temperature anomalies (unit: °C) during (A,C,E) AMO− and (B,D,F) AMO+ periods from the ERA-20c dataset during the period 1900–2010. Dots denote values that attained the 90% significance level. Shadings in gray indicate the Tibetan Plateau region. The pink contour denotes the climatological isoline of 12,400 gpm at 200 hPa in summer. AMO, Atlantic Multidecadal Oscillation; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
Besides, pronounced anomalies are found around the western Atlantic Ocean, northeast Asia, Mediterranean Sea, and Arabian Peninsula, which mainly result from the interdecadal SRP-like wave train triggered by the extratropical AMO-related SST anomalies. Among them, the significant negative/positive temperature anomalies from the Mediterranean Sea to the Arabian Peninsula could decrease/increase meridional gradient of the tropospheric temperature between the tropical Indian Ocean and its north continent. The increased meridional gradient anomalies of the tropospheric temperature over the tropical Indian Ocean associated with the AMO+ could enhance the SMJ. This mechanism coincides with previous works (Goswami et al., 2006; Feng and Hu, 2008; Li et al., 2008; Luo et al., 2011), which viewed that the ISM may be enhanced by the AMO through the increased meridional gradient of the tropospheric temperature between the Indian subcontinent and tropical Indian Ocean. To provide more evidence, the composite of the meridional mean (30°–80°E) air temperature anomalies in summer during the AMO− and AMO+ periods is investigated in Figures 10A,B. In AMO−, remarkably significant negative values between 20°N and 30°N could extend to nearly 200 hPa, which reduces the meridional gradient of the tropospheric temperature between the tropical Indian Ocean and its north continent, as well as consequently weaken the SMJ intensity. The result in the AMO+ phase is exactly opposite to that in AMO−, with stronger positive anomalies at 20°N–30°N from the surface to the upper layer, which mainly contribute to the strengthened SMJ.
[image: Figure 10]FIGURE 10 | A composite of (A,B) the meridional mean (30°–80°E) air temperature anomalies (unit: °C) and (C,D) the zonal mean (0°–30°N) equivalent potential temperature anomalies (unit: °C) in summer during (A,C) AMO− and (B,D) AMO+ periods from the ERA-20c dataset during the period 1900–2010, respectively. Areas covered by dashed contours denote values that attained the 90% significance level. AMO, Atlantic Multidecadal Oscillation; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
Next, how can the AMO-related SSTAs or SAT anomalies over the tropical Atlantic Ocean influence the tropical tropospheric temperature anomalies? Many studies viewed that the moist adjustment process was very important for the tropospheric warming in the tropical atmosphere (Emanuel et al., 1994; Su et al., 2003; Su and Neelin, 2003). As verified by Xie et al. (2009), SST warming in the tropical Indian Ocean could warm the overlying atmospheric column through modifying the EPT and moist static energy in the atmospheric boundary layer, with a Matsunuo–Gill response of the tropospheric temperature anomalies located over the Indian Ocean. A qualitatively similar response of the tropical tropospheric temperature anomalies to the AMO-related SSTAs over tropical North Atlantic is seen from Figures 9E,F. Response of the tropospheric temperature to SSTAs in the tropical North Atlantic Ocean exhibits an obvious Matsunuo–Gill-like pattern with the large-scale approximate uniform anomalies covering the whole tropical region. This is also revealed by the zonal mean (0°–30°N) EPT anomalies composed during the AMO− and AMO+ periods in Figures 10C,D. In AMO−, the significant negative EPT anomalies can extend from the surface to more than 200 hPa over the tropical Atlantic Ocean (between 80°W and 30°W). An approximate uniform variation of the EPT anomalies from the lower to upper level is also seen between 30° and 90°E. These reveal that the EPT change in the atmospheric boundary layer (seen from Figures 9C,D) induced by AMO-related SSTAs is an important pathway through which the lower atmospheric heat can be transferred to the upper layer, modifying the tropospheric thermal variation. In the AMO+, the result is similar to that in AMO−, but with an opposite sign. In brief, the AMO-related tropical SST cooling (warming) induces negative (positive) EPT variation in the atmospheric boundary layer, modulates air temperature of the overlying atmosphere, and further cools (heats) the atmospheric column.
To better understand the AMO modulation on the interdecadal variabilities of the summer SAH and SMJ intensities via the tropical atmospheric response, we further focus on the composites of the 500-hPa omega anomalies, divergent wind, and velocity potential anomalies at 1,000 and 200 hPa in summer for the AMO− and AMO+ phases (Figure 11). As for the 500-hPa omega anomalies, significant AMO− phase-related subsiding anomalies are found over the northern tropical North Atlantic, southern Sahel, central tropical Indian Ocean, and central East Asia where the reverse signal of vertical velocity can be seen for the AMO+ (Figures 11A,B). Among them, the descending motion anomaly over northern tropical North Atlantic and central East Asia in Figure 11A is mainly associated with a southward shift and weakening of the climatological Intertropical Convergence Zone (ITCZ), which is in accordance with previous results (e.g., Zhang and Delworth, 2006; Luo et al., 2011), while pronounced descending motion anomalies over the southern Sahel of Figure 11A are suggestive of a decreasing Sahel summer rainfall as investigated by Zhang and Delworth (2006). In particular, subsidence motion anomalies over the central tropical Indian Ocean (Figure 11A) correspond to a basin-wide divergence in the lower troposphere and convergence in the upper troposphere over the tropical Indian Ocean during the AMO− period (Figures 11C,E). The tropical Indian Ocean divergence associated with the AMO− phase in the lower troposphere leads to the weakened SMJ, and the tropical Indian Ocean convergence for the AMO− phase in the upper troposphere is favorable for the decrease and northward displacement of SAH. Here, the extratropical divergence/convergence over the North Atlantic in the lower/upper troposphere is produced by the extratropical North Atlantic heating, and the tropical divergence/convergence extending from North Atlantic to the tropical Indian Ocean in the lower/upper troposphere is suggestive of a Matsunuo–Gill-like pattern trigged by tropical North Atlantic heating in agreement with our above result. For the AMO+ phase, the result is quite opposite, which is conducive to the strengthening of the SMJ and SAH in summer (Figures 11B,D,F).
[image: Figure 11]FIGURE 11 | A composite of (A,B) the 500-hPa omega (10−3 Pa s−1) anomalies, the (C,D) 1,000-hPa and (E,F) 200-hPa divergent winds (arrow, m s−1), and stream function (shadings, 10−4 m2 s−1) anomalies in summer during (A,C,E) AMO− and (B,D,F) AMO+ periods from the ERA-20c dataset during the period 1900–2010. Dots denote values that attained the 90% significance level. AMO, Atlantic Multidecadal Oscillation; ERA-20c, European Centre for Medium-Range Weather Forecasts 20th-century reanalysis.
SUMMARY
Based on four reanalysis datasets (JRA-55, NCEP/NCAR, 20CRv3, and ERA-20c), we investigate the interdecadal variation of the SAH and SMJ intensities, as well as their modulation mechanism by AMO phase-related SSTAs in summer. In order to reveal the temporal variation of the summer SAH, 200-hPa geopotential height anomalies in summer (over 15°–40°N; 20°–130°E) are decomposed by an EOF technique. The result shows that the leading spatial pattern of the 200-hPa geopotential height anomalies represents the variation of the SAH intensity. In contrast, the time series of the PC1 is in phase with that of the SMJI on the interdecadal timescale, with almost all of the correlation coefficients between them from different datasets exceeding the 99% confidence level. Regressions of the interdecadal SST component onto the interdecadal SMJI and PC1 component in summer from the different datasets reveal a positive correlation of the AMO with the SAHI and SMJI. Besides, through comparing the time series of the AMO index with that of the PC1 and SMJI, we find that these three indices (PC1, SMJI, and AMO) evolve almost synchronously on multidecadal timescales, with the two AMO cold phases (AMO−) for a period of 59 years (1900–1925 and 1963–1995) corresponding to the weak phases for the SAH and SMJ, and the two warm AMO phases (AMO+) for 52 years (1926–1962 and 1996–2010) corresponding to the strong phases for the SAH and SMJ. The composite analysis of the summer 925-hPa wind and 200-hPa geopotential height anomaly fields in the AMO−/AMO+ phase also supports this result.
The qualitative analysis shows that the interdecadal variabilities of the SAH and SMJ intensities in summer may be modulated by the AMO phase. Next, the tropical and extratropical atmospheric circulations from the Atlantic Ocean to Northeast Asia are examined to investigate the modulation mechanism of the AMO phase on the summer SAH and SMJ intensities. The modulation mechanism appears to be achieved via two ways, which are schematically depicted in Figure 12: one is via an interdecadal SRP-like wave train propagating from the North Atlantic across Northeast Asia, and the other is via a Matsunuo–Gill-like tropical atmospheric response. The former is trigged by extratropical North Atlantic forcing related to the AMO phase, while the latter is tied to the AMO-related tropical North Atlantic heating. On the one hand, as confirmed by the wave activity flux, a cold SST anomaly over extratropical North Atlantic related to the AMO− phase induces an anomalous high over Western Europe due to the strong barotropic instability. The perturbation of geopotential heights gives rise to a well-organized Rossby wave train between 30°N and 60°N propagating along the Asian westerly jet with positive 200-hPa geopotential height anomalies over the northern Atlantic Ocean and east of the Caspian Sea, as well as negative anomalies from the Mediterranean Sea to the Arabian Peninsula–Iranian Plateau and over Northeast Asia. This interdecadal SRP-like wave train over the Eurasian continent excited by the AMO-related SSTAs have been verified by many previous studies (e.g., Li et al., 2008; Luo et al., 2011; Lin et al., 2016). The anomalous Arabian Peninsula–Iranian Plateau low along with the Rossby wave train path leads to a reduced SAH. On the other hand, the AMO-related cold SSTAs over tropical North Atlantic reduce the EPT in the boundary layer. Through the moist adjustment process, the tropical tropospheric atmosphere is continuously cooled and produces a Matsuno–Gill-like atmospheric response covering the tropical Indian Ocean, which lowers the geopotential height above it. Because of the heat preference property in SAH, the SAH will weaken and shift northward. At the same time, superimposed cold anomalies from the Mediterranean Sea to the Arabian Peninsula caused by the interdecadal SRP-like wave train reduce meridional gradient of the tropospheric temperature between the tropical Indian Ocean and its north continent, which is favorable for the weakening of the summer SMJ. This coincides with previous works (Goswami et al., 2006; Feng and Hu, 2008; Li et al., 2008; Luo et al., 2011). Finally, due to a Matsuno–Gill-like response trigged by tropical North Atlantic heating, subsidence motion anomalies over the central tropical Indian Ocean corresponding to a result in increased lower-level divergence and upper-level convergence are produced over the tropical Indian Ocean. The tropical Indian Ocean divergence in the lower troposphere leads to the weakened summer SMJ, and the tropical Indian Ocean convergence in the upper troposphere is favorable for the decrease and northward displacement of SAH in summer.
[image: Figure 12]FIGURE 12 | Schematic diagram illustrates modulation mechanism of the summer SAH and SMJ interdecadal variabilities by the AMO− phase via the interdecadal Silk Road pattern and Matsuno–Gill-like tropical atmospheric response. Blue shading over North Atlantic denotes the negative SST anomalies related to AMO− phase. Red circle and blue circle respectively represent the positive and negative anomalies of 200-hPa geopotential heights in AMO− phase. The black solid line with an arrow is the propagation path of the interdecadal Silk Road pattern. The pink contour denotes the climatological location of the SAH in summer. The black arrows indicate the summer SMJ. Contour in green indicates the Tibetan Plateau region. SAH, South Asian High; SMJ, Somali jet; AMO, Atlantic Multidecadal Oscillation; SST, sea surface temperature.
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