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The Pacific–South America (PSA) teleconnection pattern triggered by the El Niño/Southern Oscillation (ENSO) is suggested to be moving eastward and intensifying under global warming. However, the underlying mechanism is not completely understood. Previous studies have proposed that the movement of the PSA teleconnection pattern is attributable to the eastward shift of the tropical Pacific ENSO-driven rainfall anomalies in response to the projected El Niño-like sea surface temperature (SST) warming pattern. In this study, we found that with uniform warming, models will also simulate an eastward movement of the PSA teleconnection pattern, without the impact of the uneven SST warming pattern. Further investigation reveals that future changes in the climatology of the atmospheric circulation, particularly the movement of the exit region of the subtropical jet stream, can also contribute to the eastward shift of the PSA teleconnection pattern by modifying the conversion of mean kinetic energy to eddy kinetic energy.
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INTRODUCTION
The El Niño/Southern Oscillation (ENSO), as the primary interannual air-sea coupled mode in the tropical Pacific, has significant effects on the global climate variability (Hoerling et al., 1997; Horel and Wallace 1981; Hu et al., 2021; Liu and Alexander 2007; Trenberth et al., 1998; Xie et al., 2016; Straus and Shukla 2002; Yang et al., 2018; Sun et al., 2019; Sun et al., 2022). The ENSO has a three-pronged effect on the climate variability in the extratropics of the Southern Hemisphere. To begin, El Niño events warm the tropical atmosphere at all longitudes, resulting in the strengthening and equatorward movement of the subtropical jet stream (STJ) and descending branches of the Hadley circulation (Rind et al., 2001; Seager et al., 2003; Lu et al., 2008). Second, ENSO can affect the Southern Hemisphere Annular Mode by influencing the propagation and intensity of transient eddies (Fogt et al., 2011; L'Heureux and Thompson 2006; Lau and Lau 1992; Lau et al., 2005; Seager et al., 2003). Third, the ENSO signal is capable of propagating to mid- and high-latitudes, as well as to Antarctica, via stationary waves generated by the anomalous tropical convection in the tropical Pacific (Held et al., 2002; Schneider et al., 2012). In the Southern Hemisphere, the ENSO teleconnection resembles the Pacific–South American (PSA) wave train characterized by alternating pressure centers east of New Zealand, near the Amundsen Sea and South America, curving poleward and eastward toward Antarctica, highly impacting the depth of the Amundsen Sea Low (Karoly 1989; Mo and Higgins 1998; Mo and Paegle 2001; Schneider et al., 2012). The variability of the Amundsen Sea Low could further modulate the temperature and sea ice anomalies over Antarctica (Yuan and Martinson 2000; Yuan 2004; Li et al., 2015; Wang et al., 2020; Wang et al., 2022).
The PSA teleconnection pattern triggered by ENSO events is strongly seasonally dependent and is zonally asymmetric during El Niño and La Niña years (Jin and Kirtman 2009; Hitchman and Rogal 2010; Ding et al., 2012; Schneider et al., 2012; Li et al., 2021). The seasonality of the PSA being more pronounced in austral winter and spring is primarily attributable to the seasonal variation in the STJ. A stronger and more equatorward STJ in austral winter and spring favors the formation of the Rossby wave source (Sardeshmukh and Hoskins 1988) in the subtropical Pacific, resulting in a more pronounced PSA teleconnection pattern (Jin and Kirtman 2009; Scott Yiu and Maycock, 2019). The asymmetric impacts between the warm and cold phase of ENSO, which exhibit a more eastward PSA wave train during El Niño than La Niña, can be attributable to the shift of the anomalous tropical convection and the discrepancy of the STJ (Hoerling et al., 1997; Wang et al., 2021; Wang et al., 2022).
Under global warming, Pacific–North American (PNA) and the PSA teleconnection pattern triggered by ENSO events are both projected to move eastward and intensify (Zhou et al., 2014; Cai et al., 2021). Previous studies have proposed that the movement of the teleconnection pattern is attributable to the eastward shift of the ENSO-driven rainfall anomalies over the tropical Pacific in response to the projected El Niño-like warming pattern (Zhou et al., 2014; Cai et al., 2021; Hu et al., 2021). As a result of the overall reduction of the tropical circulations due to the increased static stability in the tropics under greenhouse warming, the tropical Pacific sea surface temperature (SST) change features an El Niño-like warming pattern (Held and Soden 2006; Huang and Xie 2015; Yeh et al., 2018). The background warming pattern, in turn, results in the intensification and the eastward movement of the ENSO-driven rainfall anomalies in the tropical Pacific (Power et al., 2013; Huang and Xie 2015). In response to the changes in the ENSO-driven rainfall anomalies, the extratropical Rossby wave trains, as the PSA and PNA teleconnection pattern, are projected to shift eastward and strengthen in previous studies (Cai et al., 2021; Zhou et al., 2014; Yeh et al., 2018).
In addition to tropical heating anomalies, the PSA teleconnection pattern is modulated by the extratropical circulation (Meehl et al., 2007; Muller and Roeckner 2008). Several early (Simmons et al., 1983; Ting and Yu 1998) and recent studies (Wang et al., 2021; Wang et al., 2022) have suggested that the STJ is critical in determining the position of extratropical ENSO teleconnections. Here, we showed that the eastward shift of the PSA teleconnection pattern is presented even without the impact of the uneven SST warming pattern, in which the future change of climatological circulation plays an important role.
The remainder of this study is organized as follows: Section 2 introduces data and methods. Section 3 presents the results involving the changes in the teleconnection pattern and the underlying mechanisms. Section 4 provides a summary.
DATA AND METHODS

a. Reanalysis and model data
To investigate the future change of the ENSO-triggered PSA teleconnection pattern under global warming, a set of atmospheric-only experiments from the phase 6 of the Coupled Model Intercomparison Project (CMIP6) is utilized. The experiments, namely, AMIP, AMIP-p4K with uniform warming, and AMIP-future4K with patterned warming, are simulated by the atmospheric general circulation models. AMIP is forced by the observed monthly sea ice and SST; the latter two are forced by the observed SST anomalies and the uniform SST, and patterned climatological SST obtained from CMIP5 ensemble mean SST changes at 4 × CO2, respectively. The details of the models are listed in Table 1.
TABLE 1 | AMIP models from CMIP6 used in this study.
[image: Table 1]In this study, the July–August (JJA) mean geopotential height is derived from the European Centre for Medium-Range Weather Forecasts Interim Reanalysis (ERAI; Berrisford et al., 2011) at a resolution of 2.5° × 2.5° from 1979 to 2014. The Niño 3.4 index is from the climate prediction center of NOAA (https://www.cpc.ncep.noaa.gov/), and the principal component of the first empirical orthogonal functional mode of the SST over the tropical Pacific (120°E–80°W, 15°S–15°N) is defined as the Niño index in the AMIP simulations. Regression analysis is used, and the statistical significance of this study is evaluated by the two-tailed Student’s t-test.
b. Linearized Baroclinic Model (LBM)
The LBM used in this study is based upon the primitive equations linearized at a given state with a horizontal resolution of T42 and 20 sigma levels and schemes for horizontal and vertical diffusion, Rayleigh friction, and Newtonian damping. This model is widely used and has an irreplaceable role in the study of climate dynamics (Xie et al., 2009; Hu et al., 2019). More details of the model are presented in Watanabe and Kimoto (2000). To produce a stable atmospheric response to the heating forcing, the model is integrated for 50 days, and the average from the 20th to 50th day is used for analysis.
c. Kinetic energy conversion
As stated by Kosaka and Nakamura (2006), the barotropic growth of the local kinetic energy associated with perturbations from the basic state is given by
[image: image]
Here, [image: image] and [image: image] are the anomalous zonal and meridional winds, respectively. [image: image] and [image: image] denote the zonal and meridional climatological winds, respectively. KEH is horizontal perturbed kinetic energy, and CK (the sum of CKx and CKy) is the conversion of local kinetic energy from the basic state to atmospheric anomalies.
RESULTS

a. Evaluation of the AMIP simulations of the ENSO-triggered PSA teleconnection pattern.
The atmospheric anomalies triggered by ENSO during austral winter are depicted in Figure 1 in observations and AMIP. In the tropical Pacific, the anomalous convective heating excites a Gill-like response (Figure 1A). The extratropical teleconnection pattern resembles the PSA wave train, characterized by an anomalous low-pressure center east of New Zealand, a high-pressure anomaly near the Amundsen Sea in the Pacific sector. The structure of the atmospheric responses to ENSO in the AMIP is comparable to that observed with a pattern correlation coefficient between atmospheric anomalies in ERAI and AMIP (0–90°S; 0–360°) of up to 0.79. The resemblance shows that the AMIP models are capable of simulating the ENSO teleconnection in the Southern Hemisphere. It should be noted that the intensity of the PSA teleconnection pattern in AMIP is weaker than observed, suggesting that there may be some common bias in AMIP models, but this inaccuracy does not affect our conclusions as we mainly made comparisons between different AMIP experiments. As a result, it is feasible to undertake subsequent investigations using these simulations.
b. Results in AMIP-p4K and AMIP-future4K
[image: Figure 1]FIGURE 1 | Regression of the 200-hPa geopotential height (m) during austral winter on the Niño3.4 index in (A) ERA-I and (B) AMIP. Stippling in (A,B) suggests passing the 95% confidence level, and more than 70% of models agree on the sign of the multi-model ensemble (MME), respectively.
Figure 2A presents the ENSO-driven rainfall anomalies in the tropical Pacific in AMIP. Positive responses are distributed in the eastern and central Pacific, whereas negative responses are found on the north flank of the equatorial eastern Pacific which is mainly contributed by the anomalous dry advection (Su and Neelin 2002). In comparison to AMIP, ENSO-driven precipitation anomalies increase in the central and eastern Pacific in the AMIP-future4K and decrease in the western tropical Pacific, resulting in an overall eastward shift and amplification of the precipitation anomalies in the tropical Pacific (Figure 2C). The changes between AMIP-future4K and AMIP are consistent with prior results based on the future simulations in CMIP5/6, which suggest that the El Niño-like warming pattern leads to an eastward shift and intensification of ENSO convective anomalies in the tropical Pacific (Huang and Xie 2015).
[image: Figure 2]FIGURE 2 | Simulated ENSO-driven rainfall anomalies (mm/day, left column) and ENSO-driven geopotential height anomalies (m, right column) in (A,B) AMIP, (C,D) AMIP-future4K, and (E,F) AMIP-p4K MME. The precipitation anomalies in (C,E) denote the precipitation change compared to AMIP. Stippling denotes that more than 70% of models agree on the sign of the MME.
Compared with the PSA teleconnection pattern in AMIP, the experimental result from AMIP-future4K displays a more eastward and more intense PSA teleconnection pattern (Figures 2B,D). The concurrent intensification and the eastward movement of the ENSO-driven rainfall anomalies in the tropical Pacific and the PSA teleconnection pattern in AMIP-future4K are consistent with earlier studies (Zhou et al., 2014; Cai et al., 2021). When only the climatological SST differs between AMIP and AMIP-future4K, this discrepancy brings several additional changes, including changes in the water vapor, the position of ENSO-driven precipitation anomalies, and the background atmospheric circulation. Previous studies have suggested that all these factors may have an effect on the ENSO teleconnection pattern (Held and Soden 2006; Huang and Xie 2015; Hu et al., 2021).
To disentangle the above factors and examine the causal relationship between each factor and the future changes in the PSA teleconnection pattern, the AMIP-p4K experiment is further introduced for comparison. AMIP-p4K results show a minor increase in ENSO-driven rainfall anomalies over the northeastern tropical Pacific and a decrease in the central and southwestern Pacific relative to that in the AMIP experiment (Figure 2E). The amplitude of ENSO-driven rainfall anomalies over the tropical Pacific in AMIP-p4K is significantly smaller than that in AMIP-future4K and is insufficient to cause the eastward shift and intensification of ENSO-driven precipitation anomalies relative to that in AMIP.
By further comparing the circulation changes in AMIP-p4K and AMIP-future4K, we found that the El Niño-like warming pattern significantly intensifies the PSA wave train (Figures 2D,F). Corresponding to more intense precipitation anomalies in AMIP-future4K with the El Niño-like warming pattern, the strength of the PSA teleconnection pattern is significantly stronger than that in AMIP, whereas the PSA teleconnection pattern in AMIP-p4K is comparable to that in AMIP. The result demonstrates that the future climatological warming pattern contributes to the intensification of the ENSO-triggered PSA teleconnection pattern.
In terms of the movement of the PSA teleconnection pattern, despite the substantial difference in the climatological SST between the two experiments, the PSA teleconnection pattern shifts a comparable distance. This finding suggests that the causal link between the movement of the ENSO-driven rainfall anomalies in the tropical Pacific and the shift of the PSA wave train may be insufficiently robust, and other causes may potentially contribute to the shift of the PSA teleconnection pattern.
The STJ is critical in the development of the subtropical disturbance via barotropic energy conversion (Simmons et al., 1983), acting as an anchor for the location of the ex-tropical wave train triggered by the tropical heating (Ting and Yu 1998). The variation of the STJ plays an important role in the asymmetric impacts of ENSO on the PSA teleconnection pattern by altering the barotropic energy conversion (Wang et al., 2021). In the following study, the movement of the PSA teleconnection pattern under global warming is investigated from the perspective of energy conversion.
Figure 3 presents the climatological zonal winds and the CK in three experiments. In AMIP, the positive CK at the exit of the STJ is consistent with the position of the atmospheric anomaly east of New Zealand (Figures 2B, 3A), indicating the importance of the CK in the development of the disturbance. The majority of the positive CK at the exit of the STJ is contributed by CKx (Figures 3A,B). According to Eq. 1, the zonally elongated (u’>v’) atmospheric anomaly east of New Zealand is eager to extract barotropic energy (CKx) from the basic mean flow (Figure 3A) and develops at the exit region of the STJ where the mean zonal flow is confluent ([image: image]; Figure 4A).
[image: Figure 3]FIGURE 3 | MME of the JJA climatological zonal wind (contour lines; m/s) and CK (shading in a–c; m2/s3) and CKx (shading in d–f; m2/s3) in (A,D) AMIP, (B,E) AMIP-future4K, and (C,F) AMIP-p4K. The dots indicate that more than 70% of models agree on the sign of the MME. The navy dot denotes the central position of the CK in the mid-latitudes in AMIP, and the red dots in (B,C) denote the central position of the CK in the mid-latitudes in AMIP-future4K and AMIP-p4K, respectively. (C) Role of the STJ.
[image: Figure 4]FIGURE 4 | JJA climatology of the zonal wind (contour lines; m/s) and the MME of [image: image] (shading; s−1) in (A) AMIP, (B) AMIP-future4K, and (C) AMIP-p4K. The dots indicate that more than 70% of models agree on the sign of the MME. The navy solid circle denotes the central longitude of [image: image] in the mid-latitudes in AMIP, and the red circle in (B,C) denotes the central longitudes of [image: image] in the mid-latitudes in AMIP-future4K and AMIP-p4K, respectively.
In AMIP-future4K, the exit region of the STJ with substantial confluence shifts eastward at about 10° longitudes (Figure 4B). As the exit region of the STJ moves eastward (see the navy and red solid circles in Figure 4B), the strong positive CK favorable to the development of atmospheric anomalies move eastward in lockstep (see the navy and red solid circles in Figure 3B). Similar to AMIP-future4K, the eastward shift of the PSA teleconnection pattern in AMIP-p4K is accompanied by the movement of the STJ exit and the positive CK in the subtropical Pacific (Figures 3C, 4C).
The aforementioned result illustrates that the movement of the climatological STJ exit region contributes to the shift of the PSA teleconnection pattern. To further confirm the effect of STJ changes on the PSA teleconnection pattern, a set of LBM experiments are utilized for investigation, following Wang et al. (2022). The first LBM experiment (EXP1) is forced by the heating source centered at 150°W (Figures 5A,B) and the JJA climatological mean flow. The prescribed heating source has a cosine elliptical pattern, with a peak of −3 K day−1 at the 0.45 sigma level. The horizontal distribution and the vertical profile of the heating source are presented in Figures 5A,B, respectively. The second experiment (EXP2) utilizes the same heating source but shifts the mean flow 20° longitude westward, mimicking the movement of the STJ exit region. In EXP1, the atmospheric response to the tropical heating in the subtropical Pacific is centered at the exit of the STJ, where the climatological zonal flow is significantly confluent (Figures 5C,D). Similar to the experimental results in AMIP experiments, the strong positive CK which contributes to the development of the disturbance is detected at the exit of the STJ in EXP1. However, in EXP2, with the same tropical heating source, the strong positive CK in the mid-latitudes moves westward, paralleling the change of the exit of the climatological STJ (Figure 5D). The consistent movement of the positive CK and disturbance in the subtropical Pacific (Figures 5E,F) demonstrate that the movement of the STJ exit region causes a shift in the position of the PSA teleconnection pattern by modifying the conversion of mean kinetic energy to eddy kinetic energy.
[image: Figure 5]FIGURE 5 | (A) Horizontal distribution and (B) vertical profile of imposed atmospheric diabatic heating (K day−1) in the central Pacific in the two LBM experiments. The climatological zonal wind (contour lines, m/s) and the 200-hPa geopotential height (shading, m) responded to the heating sources in (C) EXP1 and (D) EXP2. CKx (contour lines; m2/s3) and [image: image] (shading, s−1) in (E) EXP1 and (F) EXP2. Adapted from Wang et al. (2022). © American Meteorological Society. Used with permission.
CONCLUSION AND DISCUSSION
In this study, the underlying mechanisms of the eastward shift and intensification of the ENSO-triggered PSA teleconnection pattern under global warming are investigated based on a set of AMIP experiments from CMIP6.
By comparing the AMIP-p4K and AMIP-future4K, it is found that the El Niño-like warming significantly intensifies the PSA wave train. Corresponding to more intense precipitation anomalies over tropical Pacific in AMIP-future4K with patterned warming, the strength of the PSA teleconnection pattern is significantly stronger than that in AMIP, whereas the PSA teleconnection pattern in AMIP-p4K with uniform warming is comparable to that in AMIP.
We found that the PSA teleconnection pattern triggered by ENSO will still shift eastward under global warming with the absence of El Niño-like SST warming. Despite the significant difference in the climatological SST between AMIP-p4K and AMIP-future4K, the PSA teleconnection pattern shifts a comparable distance in the two experiments relative to that in AMIP. Further investigation reveals that changes in the climatological STJ, particularly the movement of the exit region of the STJ, can significantly affect the position of the PSA teleconnection pattern by influencing the conversion of mean kinetic energy to eddy kinetic energy. The eastward shift of the exit region of the Pacific STJ in both experiments causes the position where the disturbance is most likely to develop to move eastward, which in turn leads to the eastward shift of the PSA teleconnection pattern. Our results, therefore, emphasize the importance of the climatological circulation change on the projected eastward shift of the PSA teleconnection pattern.
The mechanism proposed in this study complements the previous mechanism (Cai et al., 2021; Kug et al., 2010; Meehl et al., 2007; Muller and Roeckner, 2008; Zhou et al., 2014), and taken together, they may collectively contribute to the eastward shift of the PSA teleconnection pattern. This study is based on AMIP experiments which do not incorporate air–sea coupling processes; further research using the coupled model should be conducted in the future to better understand the issue and quantify the contributions of the STJ, SST warming pattern, and the CO2 direct radiation to the eastward movement and the intensification of the ENSO-triggered PSA teleconnection pattern.
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