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Abstract

:

Extratropical teleconnections significantly affect the climate in subtropical and mid-latitude regions. Understanding the variability of atmospheric teleconnection in the Southern Hemisphere, however, is still limited in contrast with the well-documented counterpart in the Northern Hemisphere. This study investigates the interannual variability of mid-latitude circulation in the Southern Hemisphere in austral summer based on the ERA-Interim reanalysis dataset during 1980–2016. A stationary mid-latitude teleconnection is revealed along the strong Southern Hemisphere westerly jet over the South Atlantic and South Indian Ocean (SAIO). The zonally oriented SAIO pattern represents the first EOF mode of interannual variability of meridional winds at 200 hPa over the region, with a vertical barotropic structure and a zonal wavenumber of 4. It significantly modulates interannual climate variations in the subtropical Southern Hemisphere in austral summer, especially the opposite change in rainfall and surface air temperature between Northwest and Southeast Australia. The SAIO pattern can be efficiently triggered by divergences over mid-latitude South America and the southwest South Atlantic, near the entrance of the westerly jet, which is probably related to the zonal shift of the South Atlantic Convergence Zone. The triggered wave train is then trapped within the Southern Hemisphere westerly jet waveguide and propagates eastward until it diverts northeastward towards Australia at the jet exit, in addition to portion of which curving equatorward at approximately 50° E towards the southwest Indian Ocean.
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1. Introduction


Atmospheric teleconnection patterns dominate low-frequency variability of extratropical circulation. Wallace and Gutzler [1] identified five major patterns based on monthly geopotential height at 500 hPa in boreal winter. Similar and more teleconnections in the Northern Hemisphere were revealed in boreal winter and other seasons [2,3]. In the Southern Hemisphere, a few teleconnection patterns were also revealed, including the Pacific–South American pattern triggered by the tropical Pacific convective activities [4,5,6] and the wave trains emanating eastward and poleward across southern Australia by convective activities over the tropical Indian Ocean [7,8] and across southern Africa by rainfall in South America [9,10,11]. The teleconnection patterns are interpreted, in general, as Rossby wave propagation in the sphere along a great-circle route in westerly [12].



Hoskins and Ambrizzi [13] further pointed out that a strong westerly jet can act as a waveguide, confining the meridional propagation of the Rossby wave, since the Rossby rays are refracted towards latitudes with the local maximum stationary Rossby wavenumber in the center of the westerly jet. Accordingly, the Rossby wave is trapped within the strong westerly jet and develops in the zonal direction. The zonally oriented circumglobal wave train along the westerly jet in the Northern Hemisphere has been identified in previous studies in boreal winter [14,15] and summer [16,17,18]. The effect and dynamics of the wave train in the Northern Hemisphere have been widely investigated and well-documented in previous literature [18,19,20,21,22,23,24,25,26,27,28,29,30,31,32]. In the Southern Hemisphere, there are two strong westerly jets in austral winter, spring, and autumn, i.e. the subtropical westerly jet with its core across Australia from the Indian Ocean to the Pacific and the polar westerly jet, indicating two separate waveguides [33]. Rossby wave propagations along the two westerly jet waveguides are crucial for synoptic extremes in the Southern Hemisphere continents [34,35,36,37].



In austral summer, there is only one strong polar westerly jet in the Southern Hemisphere as the intensity of the subtropical westerly jet becomes weaker. The circumglobal polar jet (or the Southern Hemisphere westerly jet in this study) is centered over the mid-latitude South Atlantic and South Indian Ocean (SAIO) (Figure 1). The Southern Hemisphere westerly jet suggests possible zonally-propagated Rossby wave train within it due to the waveguide effect [13]. In fact, a mid-latitude wave train along the Southern Hemisphere westerly jet in austral summer has been mentioned in some literature related to trigger of the Madden–Julian Oscillation (MJO) over tropical western Indian Ocean [38], interannual co-variability of sea surface temperature (SST) in the SAIO [39], and interannual summer rainfall in Madagascar [40], Northwest Australia [41], and subtropical South Atlantic Convergence Zone [11,42]. In addition, Xue et al. [43] found that in austral summer, on the decadal timescales, the South Atlantic SST may remotely connect with Southeast Australian surface air temperature through a mid-latitude zonally oriented wave train trapped in the Southern Hemisphere westerly jet over the SAIO. However, understanding of interannual variability of mid-latitude wave train in austral summer is still limited, especially the dynamics, in contrast with the well-documented counterpart in the Northern Hemisphere.



The study further investigates interannual variations of mid-latitude atmosphere circulation in the Southern Hemisphere in austral summer. The author tries to answer the following two questions: (1) What is the dominant feature of the Rossby wave propagation along the Southern Hemisphere westerly jet and (2) what is the dynamical process responsible for the formation of the Rossby wave train? The text is arranged as follows. Section 2 describes data and methods used in this study. A teleconnection pattern along the Southern Hemisphere westerly jet over the SAIO is identified in Section 3. The teleconnection is referred to as the SAIO pattern and its impact is shown in this section. Section 4 investigates dynamical processes related to the SAIO pattern. Conclusion and discussions are presented in Section 5.




2. Data and Methods


This study used the monthly global data from the ERA-Interim reanalysis dataset at 0.75° × 0.75° grids [44]. The reanalysis variables used include meridional and zonal winds, vertical pressure velocity, geopotential height, and surface air temperature. Also used are the global precipitation data from the CMAP data at 2.5° × 2.5° grids [45]. This study focuses on austral summer, which is defined as the mean of December, January, February, and March (DJFM). The year label refers to that of January–March. For example, the austral summer in 1980 is the mean of December in 1979 and January, February, and March in 1980. The data in austral summer during the period of 1980–2016 are employed in this study and the climatology is defined as the 37-year mean. Student’s t-test is used to test statistical significance.



To investigate dynamical feature related to the SAIO wave train, we employed the zonal and meridional components of a wave-activity flux (W) for stationary Rossby waves proposed by Takaya and Nakamura [46], which is defined as


W=12|V¯|(u¯(ψx′2−ψ′ψxx′)+v¯(ψx′ψy′−ψ′ψxy′)u¯(ψx′ψy′−ψ′ψxy′)+v¯(ψy′2−ψ′ψyy′))



(1)




where |V| is the magnitude of the horizontal vector wind (u,v) and ψ is the stream function; variables with an overbar representing their climatological mean; variables with subscript and prime notations signifying their partial derivatives and anomalies, respectively.



A linearized barotropic vorticity equation model is used


∂ζ*∂t=−[Vψ]⋅∇ζ*−Vψ*⋅∇(f+[ζ])−Vχ*⋅∇(f+[ζ])−(f+[ζ])∇⋅Vχ*−κζ*−ε∇4ζ*



(2)




where variables within square brackets represent their zonal mean and with an asterisk representing the deviation from the zonal-mean state. The change in the zonal-mean flow is prohibited and then the solution highlights atmospheric wave response to the prescribed divergent forcing. Vψ and Vχ are the horizontal vector rotational and divergent wind components, respectively, f is the Coriolis parameter, and ζ is the relative vorticity. The basic flow is set to the climatological DJFM-mean values at 200 hPa averaged over 1980–2016, calculated from the ERA-Interim reanalysis data. The biharmonic diffusion coefficient, ε, is set to 8.96 × 1016 m4 s−1 and the damping coefficient, κ = 15 d−1, is used in this study. The vorticity equation is solved using the spectrum transform technique with a triangular truncation at wavenumber 21.




3. Identification of the SAIO Teleconnection Pattern


To identify Rossby wave train in midlatitudes, the variable of meridional wind at 200 hPa (V200) is used. Figure 1a shows V200 standard deviation in austral summer. Over the SAIO region, there are several maxima, approximately 2 m s−1, along a strong Southern Hemisphere westerly jet over 40°–50° S. Here, the empirical orthogonal functions (EOF) method is employed to reveal the major characteristics of V200 variability over the SAIO domain (30°–70° S, 50°W–150° E). Figure 1b shows the spatial distribution of the first EOF (EOF 1) mode. A wave-like pattern is clearly illustrated, with alternative (positive or negative) signs in the zonal direction. The EOF 1 pattern explains 28% of total interannual variance and is significantly separable from the second EOF mode (15%) according to the criterion of North et al. [47]. The corresponding principal component (PC1) time series is presented in Figure 1d. The PC1 exhibits strong interannual variability and no significant trend during the period 1980–2016. Moreover, we calculated a one-point correlation map of V200 for the reference location (46.5° S, 5.25° E) with the maximal V200 standard deviation (Figure 1a). As shown in Figure 1c, a similar wave-train structure to the EOF 1 mode (Figure 1b) is seen. The correlation confirms the existence of the mid-latitude wave train along the strong Southern Hemisphere westerly jet. In addition, the same analysis is also conducted using the NCEP/NCAR reanalysis data [48]. The first EOF mode explains 27% of total variance and is nearly identical to that using the ERA-Interim data, with pattern correlation coefficient of 0.98 and temporal correlation coefficient of 0.97 between them. In the following studies, only the results based on the ERA-Interim data are presented.



The spatial distributions of the mid-latitude wave train in the upper, mid, and lower troposphere are presented in Figure 2, which were obtained by regressing upon the PC1. The most significant signals are confined over the SAIO region, with a similar spatial distribution at 200 hPa (Figure 2a), 500 hPa (Figure 2b), and 850 hPa (Figure 2c), implying a barotropic nature of the mid-latitude wave train. Since the most significant signals are located over the SAIO region, the mid-latitude wave train is referred to as the SAIO pattern and the PC1 as the SAIO index. The wavelength of the SAIO pattern is approximately 90 degrees in the zonal direction, suggesting a zonal wavenumber-4 structure of the mid-latitude wave train. We also noted that the SAIO wave-train signal can be traced northwestward back to the tropical eastern Pacific from the southwest South Atlantic in the upper troposphere (Figure 2a). The tropical connection of the SAIO pattern is discussed in the next Section 4.3.



Related to the SAIO pattern, rainfall varies in the subtropical Southern Hemisphere (Figure 3). Rainfall decreases significantly over the central South Atlantic, the South Indian Ocean, and Southeast Australia, and increases in subtropical South America, southern Africa and Northwest Australia. The significant impact of the mid-latitude wave train on summer rainfall in Northwest Australia was also reported in the previous study of Lin and Li [41]. Generally, the positive rainfall anomalies are consistent with the anomalous upper-level divergences (Figure 4a), ascents (Figure 4b), and lower-level convergences (Figure 4c). Meanwhile, the negative rainfall anomalies agree well with the upper-level convergences, descents, and lower-level divergences. Moreover, the lower-level westerly wind also brings more moisture from the eastern Indian Ocean to Northwest Australia, favoring rainfall there, and the northwesterly blows from Australian land to the Tasman Sea, suppressing rainfall in Southeast Australia. In addition, related to the SAIO wave train, surface air temperature rises significantly in Southeast Australia and drops in Northwest Australia (Figure 3b). The reduced rainfall and surface warming in Southeast Australia, related to the positive phase of the SAIO pattern, may aggravate the drought situation over the Murray–Darling River basin under the context of the worst drought decades of 1990s and 2000s [49]. In summary, the SAIO pattern plays a crucial role in climate anomalies in the subtropical Southern Hemisphere. In the next section, we will explore the underlying dynamical processes related to the variability of the SAIO pattern.




4. Dynamical Processes of the SAIO Pattern


4.1. Waveguide Effect of the Southern Hemisphere Westerly Jet


The two-dimensional horizontal wave-activity flux at 200 hPa related to the SAIO pattern is plotted in Figure 5. An eastward flux is evidenced along the strong Southern Hemisphere westerly jet accompanying the wave train. It diverts northeastward at the exit of the westerly jet at approximately 130° E, and as a result leads to the formation of a positive geopotential height anomaly over Australia, which increases rainfall in Northwest Australia [41] and decreases rainfall in Southeast Australia (Figure 3a). In addition, the eastward flux also curves northeastward at approximately 50° E and extends towards the southwest Indian Ocean, which has also been noticed by DeBlander and Shaman [11].



The zonally oriented wave train over the SAIO is attributable to the waveguide effect of the strong Southern Hemisphere westerly jet. As shown in Figure 6, a local maximum of stationary Rossby wavenumber of 5–6 is illustrated at approximately 45° S over the SAIO where the strong westerly jet prevails (Figure 5). Based on the width of the waveguide, the meridional wavenumber is estimated to be 3. Therefore, the deduced zonal wavenumber of the stationary wave train is about 4, consistent with the wavelength of 90 degrees of the SAIO pattern identified in Figure 2. Because the wave train rays are always refracted towards the latitude with a larger wavenumber, the Rossby wave with the wavenumber less than 5 tends to refract towards the core of the westerly jet. Accordingly, the strong Southern Hemisphere westerly jet acts as an efficient waveguide and traps the eastward-propagating Rossby wave within it forming the SAIO pattern. At the exit of the Southern Hemisphere westerly jet, the local maximum of wavenumber decreases and can no longer trap the SAIO wave train. Most of the SAIO wave train components then divert equatorward to Australia along a great-circle route in the sphere (Figure 5). On the other hand, the equatorward curving of the wave train at approximately 50° E is likely related to the propagation of the Rossby wave with the wavenumber larger than 5, which has been demonstrated by DeBlander and Shaman [11] in Figure 4 based on the analysis of Rossby wave ray tracings. Under this circumstance, the Southern Hemisphere westerly jet cannot trap the short-wavelength wave train components, which propagates northeastward along a great-circle route towards the tropical Indian Ocean (Figure 5).




4.2. Anomalous Rossby Wave Source Related to the SAIO Pattern


Since the SAIO pattern shows a nearly barotropic structure (Figure 2), processes that generated the associated anomalies can be understood in a barotropic vorticity equation. For this purpose, the anomalous Rossby wave source (RWS)S is calculated following Sardeshmukh and Hoskins [50]:


S=−(f+ζ¯)∇⋅Vx′−ζ′ ∇⋅Vx¯−Vx′⋅∇(f+ζ¯)−Vx¯⋅∇ζ′



(3)







The RWS total related to the SAIO pattern (Figure 7a) distributes mostly in midlatitudes, especially along the belt of the Southern Hemisphere westerly jet. To reveal which process contributes mostly to the RWS total, we further calculated each term in the right hand of the Equation (3). The RWS total is induced mainly by the first term due to the combined impact of the climatological absolute vorticity and anomalous divergence. As shown in Figure 7b, the first term resembles the RWS total (Figure 7a), with a similar spatial pattern and magnitude between them. The residual RWS (the sum of the last three terms, Figure 7c) is much weaker than the first term. The result indicates that the RWS related to the SAIO pattern is determined by the anomalous divergence in the upper troposphere under the climatological basic state.



Sardeshmukh and Hoskins [50] have proposed that RWS can be considered as forcing in generating the Rossby wave pattern. Because the Rossby wave train can only propagate eastward due to the waveguide effect of the Southern Hemisphere westerly jet [13], the SAIO pattern is most likely triggered by the RWS forcing in the upstream region. As shown in Figure 7a, two strong RWSs are identified near the entrance of the westerly jet, with a negative value over mid-latitude South America and a positive value over the southwest South Atlantic in relation to significant in situ convergence and divergence anomalies in the upper troposphere (Figure 8a), respectively. To investigate the possible impact of the two divergent anomalies, we calculated V200 anomalies regressed against the 200-hPa divergences over the two regions. The similar wave train to the SAIO pattern was obtained relating to both the divergent anomalies over mid-latitude South America (Figure 8b) and the southwest South Atlantic (Figure 8c). The correlation coefficients of the PC1 with the divergence anomalies averaged over mid-latitude South America (27.5°–37.5° S, 55°–70° W) and the southwest South Atlantic (22.5°–42.5° S, 20°–45° W) are −0.42 and 0.63, respectively, both significant at the 95% confidence level. Moreover, the divergence anomalies over the two regions are also significantly connected, with a correlation coefficient of −0.55.



To understand the effect of the two mid-latitude divergent anomalies, two realistic divergence forcings are prescribed in a barotropic vorticity equation model described in Section 2, with the divergence value of −1 × 10−6 s−1 over South America and 1 × 10−6 s−1 over the southwest South Atlantic. The steady response is presented in Figure 9. Clearly, a mid-latitude zonally oriented wave train is seen over the SAIO in conjunction with the wave-activity flux emanating from the South Atlantic and extending eastward along the westerly jet. The flux diverts northeastward towards the southwest Indian Ocean at approximately 50° E and towards Australia at the exit of the westerly jet, which may reflect the propagation of the Rossby wave trains with the wavenumber being larger and smaller than 5, respectively, triggered by the mid-latitude divergences. The responses are similar to the observed SAIO pattern in relation to the two divergence anomalies (Figure 8b,c). The similarity highlights the importance of the mid-latitude divergence perturbations over South America and the southwest South Atlantic on the formation of SAIO pattern.



The upper-level divergences over mid-latitude South America and the southwest South Atlantic are significantly related to local rainfall anomalies. The divergences correspond to opposite change in rainfall between the two regions. Rainfall increases in mid-latitude South America and decreases in the southwest South Atlantic in relation to the upper-level divergence over the former region (Figure 10a). The reverse rainfall pattern is seen in relation to the divergence over the southwest South Atlantic (Figure 10b). The correlation coefficient between the rainfalls in the two regions is −0.37, significant at the 95% confidence level. Since the two regions are, indeed, located in the west and east of the rainy belt of the South Atlantic Convergence Zone (Figure 10c), the opposite change in rainfall between the two regions, therefore, indicates a zonal shift of the South Atlantic Convergence Zone. Namely, the zonal shift of the South Atlantic Convergence Zone can trigger the SAIO pattern. In addition, the two regions correspond to two regional maxima of rainfall interannual variability (Figure 10c). The strong rainfall/divergence forcing then causes the strong interannual variability of the SAIO pattern (Figure 1). The importance of the rainfall in the South Atlantic Convergence Zone in triggering the mid-latitude wave train has also been suggested by DeBlander and Shaman [11]. They showed a mid-latitude wave train associated with a north–south shift of the South Atlantic Convergence Zone, portion of which is similar to the SAIO pattern. However, they focused more on the induced northward-curving wave train into the tropical Indian Ocean. This study, however, highlights the importance of the east–west shift of the South Atlantic Convergence Zone and the induced zonally oriented wave train along the Southern Hemisphere westerly jet.




4.3. Tropical Connection of the SAIO Pattern


Some studies have reported the rainfall over mid-latitude South America is related to the tropical SST anomalies [51,52,53]. To see if there is a connection of the SAIO pattern with the tropical external forcing, SST anomalies are regressed against the SAIO index. The regressed SST pattern is similar to the regressed surface air temperature over the oceans in the Southern Hemisphere (Figure 3b), and in the tropical region there is only a weak, negative SST anomaly in the tropical central Pacific east of the dateline (figure not shown). The correlation coefficient between the SAIO index and the Nino3.4 index, which is defined as the mean SST anomaly over the tropical central-eastern Pacific region (5° S–5° N, 120°–170° W), is only −0.2 during 1980–2016. Meanwhile, the correlation is also weak between the Nino3.4 index and the divergences over mid-latitude South America (0.29) and the southwest South Atlantic (–0.21). The result suggests that the SAIO pattern is more likely triggered by the atmosphere internal variability rather than the external SST forcing.



On the other hand, the SAIO pattern does show some significant signals over the tropical eastern Pacific in the upper troposphere (Figure 2a). The tropical relationship of the SAIO pattern is also indicated by a southeastward wave-activity flux from the tropical eastern Pacific (Figure 5). The tropical connection is likely bridged by the upper-tropospheric divergence over mid-latitude South America. After removing the effect of the divergence over South America by subtracting the linear component regressed upon the divergence, the significant tropical signals related to the SAIO pattern, especially to the north of the equator (Figure 2a), diminished (figure not shown). Meanwhile, the tropical signals remain significant after subtracting the effect of the divergence over the southwest South Atlantic (figure not shown). Since the divergence over mid-latitude South America has only a weak connection to the ENSO as discussed above, other tropical process may be responsible for the variations of the divergence over mid-latitude South America. However, this question is beyond the scope of the present study and requires further investigation.




4.4. Relation to the Southern Annular Mode


As identified in Section 3, the SAIO pattern exhibits a hemisphere-scale characteristic. Another circumglobal pattern in the Southern Hemisphere is the Southern Annular Mode (SAM) [54] or Antarctic Oscillation [55]. The two patterns both depict a major variability of mid-latitude atmospheric circulation, in which the SAIO pattern is the first EOF mode of V200 interannual variability in the mid-latitude SAIO and the SAM is the first EOF mode of geopotential height or sea level pressure in the extratropical Southern Hemisphere. Are they connected? To answer the question, we show V200 anomalies regressed upon the SAM index (Figure 11), in which the SAM index is obtained as the principal component corresponding to the first EOF mode of geopotential height at 200 hPa over the extratropical Southern Hemisphere south of 20°S in austral summer following Ding et al. [56].



The SAM mode does show some V200 anomalies over the SAIO region, but the strongest signals are situated in high latitudes and the South Pacific, consistent with the result of Ding et al. [56]. The correlation coefficient of the SAIO index and the SAM index is −0.28, barely significant at the 90% but not at the 95% confidence level. The weak connection is probably bridged by the divergence over mid-latitude South America. The divergence over mid-latitude South America has a significant correlation coefficient of 0.45 with the SAM index, while the correlation between the divergence over the southwest South Atlantic and the SAM index is weak (−0.27). After removing the linear components regressed against the divergence over mid-latitude South America, the correlation between the SAM and the SAIO becomes negligible (−0.11).



We also calculated the correlation of the SAM with the rainfall in the two regions. The correlation coefficients are 0.06 between the SAM and the rainfall over mid-latitude South America and −0.11 over the southwest South Atlantic. Namely, the variations of the mid-latitude rainfall are independent from the SAM. The result confirms, on the other hand, the crucial role of the mid-latitude rainfall in triggering the SAIO pattern independent from the SAM effect.





5. Conclusion and Discussion


This study identifies a teleconnection pattern along the Southern Hemisphere westerly jet over the SAIO. The SAIO pattern depicts a major variability of meridional winds in the upper troposphere over the region. It is barotropic in the vertical direction and with a zonal wavenumber of 4. The SAIO pattern significantly modulates climate variability in the subtropical and mid-latitude Southern Hemisphere in austral summer on the interannual timescales, especially the opposite change in precipitation and surface air temperature between Southeast and Northwest Australia.



The SAIO wave train can be efficiently triggered by divergence perturbations over mid-latitude South America and the southwest South Atlantic, near the entrance of the strong Southern Hemisphere westerly jet, which is probably attributable to the zonal shift of the South Atlantic Convergence Zone. Then, under the waveguide effect of the westerly jet, the signal propagates eastwards within it until in the jet exit at approximately 130° E, where the disturbance escapes and develops northeastward towards Australia, forming the SAIO teleconnection pattern. In addition, portion of the signal also diverts equatorward at approximately 50° E towards the southwest Indian Ocean. Further studies show that the SAIO pattern has a weak connection to the tropical SST anomaly, suggesting that the SAIO pattern is more likely triggered by the atmospheric internal variability rather than external forcing.



This study identified a zonally oriented SAIO pattern along the Southern Hemisphere westerly jet in austral summer. A similar pattern has also been revealed along the Asian westerly jet in boreal summer [16,17,18]. Both patterns are situated within the strong summertime westerly jet waveguide, but they also show some differences, for example, in their spatial pattern (with the zonal wavenumber of 4 in the Southern Hemisphere versus 5 in the Northern Hemisphere) and relationship to tropical SST (significant relationship exists between the tropical Pacific SST and the teleconnection in the Northern Hemisphere but not with the SAIO pattern in the Southern Hemisphere). The comparison between the teleconnections in the two hemispheres may help to better understand the nature of the teleconnections along the westerly jet. However, it is still an open question. In addition, the previous studies have reported there is a mid-latitude wave train along the Southern Hemisphere westerly jet in boreal summer associated with the intraseasonal variation of the MJO [38] and decadal variations of surface air temperature in Australia [43]. This study focuses only on the interannual variations of the SAIO pattern. Variability of the SAIO pattern on the intra-seasonal and decadal timescales and their impacts needs further investigations.
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Figure 1. Basic features of meridional winds at 200 hPa (V200, unit: m s−1) over 30°–70° S, 50° W–150° E in austral summer (December-January-February-March, DJFM): (a) standard deviation, (b) the first EOF (EOF 1) mode, (c) one-point correlation of V200 for the reference location (46.5° S, 5.25° E) depicted by the filled black circle, and (d) the principal component corresponding to the EOF1 mode (PC1). Black contour in (a) depicts the climatological Southern Hemisphere westerly jet with zonal wind at 200 hPa exceeding 30 m s−1 and in (c) represents significance at the 95% confidence level based on Student’s t-test. The EOF 1 mode explains 28% of total interannual variance. 






Figure 1. Basic features of meridional winds at 200 hPa (V200, unit: m s−1) over 30°–70° S, 50° W–150° E in austral summer (December-January-February-March, DJFM): (a) standard deviation, (b) the first EOF (EOF 1) mode, (c) one-point correlation of V200 for the reference location (46.5° S, 5.25° E) depicted by the filled black circle, and (d) the principal component corresponding to the EOF1 mode (PC1). Black contour in (a) depicts the climatological Southern Hemisphere westerly jet with zonal wind at 200 hPa exceeding 30 m s−1 and in (c) represents significance at the 95% confidence level based on Student’s t-test. The EOF 1 mode explains 28% of total interannual variance.



[image: Atmosphere 10 00259 g001]







[image: Atmosphere 10 00259 g002 550]





Figure 2. Anomalies of meridional winds (unit: m s−1) at (a) 200hPa, (b) 500hPa, and (c) 850 hPa regressed upon the PC1. Locations with significant anomalies at the 95% confidence level based on Student’s t-test are dotted, and the contour in (a) depicts the Southern Hemisphere westerly jet as in Figure 1a. The associated wave train, which is mainly located over the South Atlantic and South Indian Ocean (SAIO), is referred to as the SAIO pattern and the PC1 in Figure 1d as the SAIO index. 
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Figure 3. As in Figure 2, but for anomalies of (a) precipitation (unit: mm d−1) and (b) surface air temperature (unit: K) associated with the SAIO pattern, which is obtained through regressing upon the PC1. 
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Figure 4. Anomalies of horizontal winds (vector, m s−1) and its divergence (shading, s−1) at (a) 200 hPa and (c) 850 hPa, and (b) pressure vertical velocity at 500 hPa (Pa s−1) associated with the SAIO pattern. 






Figure 4. Anomalies of horizontal winds (vector, m s−1) and its divergence (shading, s−1) at (a) 200 hPa and (c) 850 hPa, and (b) pressure vertical velocity at 500 hPa (Pa s−1) associated with the SAIO pattern.



[image: Atmosphere 10 00259 g004]







[image: Atmosphere 10 00259 g005 550]





Figure 5. As in Figure 2a, but for anomalies of geopotential height at 200 hPa (shading, unit: gpm) and related wave-activity flux (vector, unit: m2 s−2). 






Figure 5. As in Figure 2a, but for anomalies of geopotential height at 200 hPa (shading, unit: gpm) and related wave-activity flux (vector, unit: m2 s−2).



[image: Atmosphere 10 00259 g005]







[image: Atmosphere 10 00259 g006 550]





Figure 6. Total wavenumber of stationary Rossby wave (KS) at the 200 Pa in austral summer. Contours are drawn at 0, 4, 5, 6, 8, 10, 15, and 20. The contour for wavenumber 0 (where the Rossby wave is refracted) is drawn in black, and the rest are in red. The hatched areas depict the regions of climatological easterly averaged over 1980–2016, and the arrow for the Southern Hemisphere westerly jet waveguide with the maximal KS larger than 5 by the thick red contour. 
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Figure 7. (a) Rossby wave source (RWS, unit: 10−11 s−2) total, (b) RWS induced directly by anomalous divergence, and (c) the residual RWS associated with the SAIO pattern. See text for more details. The boxes depict the two key forcing regions for the SAIO pattern and the contour depicts the Southern Hemisphere westerly jet. 
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Figure 8. (a) As in Figure 2a, but for anomalies of divergence (unit: s−1) at 200 hPa regressed upon the SAIO pattern. (b–c) Anomalies of V200 regressed upon the 200-hPa divergence over (b) mid-latitude South America (Div1, 27.5°–37.5° S, 55°–70° W) and (c) the southwest South Atlantic (Div2, 22.5°–42.5° N, 20°–45° W) depicted by the box. Dotted regions denote that the anomalies are significant at the 95% confidence level based on Student’s t-test and the contour depicts the Southern Hemisphere westerly jet. 






Figure 8. (a) As in Figure 2a, but for anomalies of divergence (unit: s−1) at 200 hPa regressed upon the SAIO pattern. (b–c) Anomalies of V200 regressed upon the 200-hPa divergence over (b) mid-latitude South America (Div1, 27.5°–37.5° S, 55°–70° W) and (c) the southwest South Atlantic (Div2, 22.5°–42.5° N, 20°–45° W) depicted by the box. Dotted regions denote that the anomalies are significant at the 95% confidence level based on Student’s t-test and the contour depicts the Southern Hemisphere westerly jet.



[image: Atmosphere 10 00259 g008]







[image: Atmosphere 10 00259 g009 550]





Figure 9. Response of rotational meridional winds (shading) and associated wave-activity flux (vector), averaged over the model day 30–60, in a linear barotropic vorticity equation model. The barotropic vorticity equation was linearized about the ERA-Interim reanalysis 200-hPa DJFM streamfunction climatology averaged over 1980–2016. Divergent forcing was applied over mid-latitude South America (27.5°–37.5° S, 55°–70° W) and the southwest South Atlantic (22.5°–42.5° N, 20°–45° W), depicted by the two boxes, with the divergence forcing of −1 × 10 −6 s−1 and 1 × 10−6 s−1, respectively. Contour depicts climatological zonal winds at 200 hPa. 
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Figure 10. (a,b) As in Figure 8b,c, but for anomalies of precipitation. (c) Standard deviation of austral summer rainfall (unit: mm d−1), in which the zonal mean is removed. The two boxes depict mid-latitude South America and the southwest South Atlantic. The blue contour represents the climatological rainy belt of the South Atlantic Convergence zone, with mean rainfall averaged over 1980–2016 exceeding 2 mm d−1 using the CMAP precipitation data. 
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Figure 11. As in Figure 2a, but for anomalies of V200 associated with the SAM mode, which is represented by the EOF 1 mode of extratropical geopotential height at 200 hPa south of 20° S in austral summer. 
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