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The dependence of the southward shift of low-level westerly anomalies over the equatorial central Pacific on El Niño intensity during the mature winter was investigated through observational analyses and air–sea coupled model simulations. El Niño events are categorized into two types based on the presence or absence of such a southward westerly shift (SWS). El Niño events with an evident SWS (SWS El Niño) exhibit strong intensity in sea surface temperature anomalies, whereas those without a remarkable SWS (non-SWS El Niño) are weak. The strength of westerly anomalies of SWS El Niño is twice as large as those of non-SWS El Niño in mature winter and can induce larger growth of westerly anomalies south of the equator by two anomalous southward westerly advections. One is the advection of anomalous westerlies by climatological winter-mean northerlies, and the other is the advection of climatological zonal wind by anomalous westerlies. Observations and model simulations both indicate that the two types of El Niño terminate differently. The strong SWS El Niño decays initially in the equatorial central Pacific, induced by a large local discharge of mass and heat content associated with intense SWS and the subsequent westward sea current anomalies starting in the decaying spring. In contrast, the non-SWS El Niño terminates first in the far eastern Pacific by cool advection carried by local westward sea current anomalies in mature winter, which is then enhanced by poleward discharge associated with weak SWS in the equatorial central Pacific.
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1 INTRODUCTION
The El Niño-Southern Oscillation (ENSO) is the strongest year-to-year climate variability in the tropical Pacific air–sea coupling system (Bjerknes, 1969; Wallace et al., 1998; Larkin and Harrison, 2002; Chen and Wallace, 2015). Its warm phase, El Niño, is characterized by warmer sea surface temperature (SST) and lower sea level pressure (SLP) in the equatorial eastern Pacific, anomalous low-level westerly winds, and an enhancement of atmospheric convection over the equatorial central Pacific (Rasmusson and Carpenter, 1982; Battisti et al., 2019). The spatial structure of the cold ENSO phase (La Niña) is opposite to that of warm phase, yet notable differences exist in the location and intensity of SSTs, SLPs, and wind and convection anomalies (Deser and Wallace, 1987; Hoerling et al., 1997; Burgers and Stephenson, 1999; An and Jin, 2004; Choi et al., 2013; Dommenget et al., 2013; Hu et al., 2014). Although ENSO is confined to the tropical Pacific, its influence extends globally by generating remote impacts on global weather and climate (Ropelewski and Halpert, 1987; Trenberth and Caron, 2000; McPhaden, 2006; Li and Hsu, 2018; Ren et al., 2018). Consequently, understanding ENSO dynamics, monitoring its evolution, and predicting its status have become a great research interest.
ENSO typically initiates in boreal late spring and reaches its peak in boreal winter due to the modulation of its growth rate by the seasonal cycle in the background state (Li, 1997; An and Wang, 2001; Stein et al., 2010; Dommenget and Yu, 2016; Chen and Jin, 2020; Bayr et al., 2021). Throughout the seasons from boreal spring to autumn, there is a gradual intensification of seasonal mean equatorial upwelling and zonal SST gradients, which results in increases in both the thermocline feedback and zonal advective feedback (Li, 1997; Stein et al., 2010; Li and Hsu, 2018; Chen and Jin, 2020) and ultimately leads to an enhancement of the coupled Bjerknes instability (Jin et al., 2020). During autumn, the mean upwelling and zonal SST gradient decrease rapidly, causing the coupled Bjerknes instability to decrease to near zero in winter and to negative in the following spring (Li, 1997; Li and Hsu, 2018; Chen and Jin, 2020).
Moreover, the peak of ENSO in winter and its subsequent termination may also be attributed to the southward shift of equatorial zonal wind anomalies (Vecchi and Harrison, 2003; Spencer, 2004; Lengaigne et al., 2006; McGregor et al., 2012; 2013; 2014; Abellán and McGregor, 2016). During winter, SST anomalies (SSTA) still straddle the equator, but the maximal zonal wind and convection anomalies over the equatorial central Pacific are shifted south of the equator, near 5oS (Harrison, 1987; Harrison and Vecchi, 1999). As the southward westerly shift (SWS) weakens the equatorial zonal wind anomalies and oceanic Kelvin wave activity, the fluctuated thermocline depth and the sea level height in the equatorial eastern Pacific begin to relax, consequently weakening the thermocline feedback (Harrison and Vecchi, 1999; Vecchi and Harrison, 2003; Lengaigne et al., 2006). Furthermore, the zonal advective feedback undergoes a reversal because of the reversal of the equatorial zonal sea surface current anomalies triggered by the imbalance between the zonal gradient of sea level and wind stress anomalies on the equator (Kug et al., 2009; Chen H.-C. et al., 2016; Ren et al., 2018). Concurrently, the SWS strengthens the northward transport of equatorial oceanic heat content, known as the discharging process, in the equatorial central Pacific (Kug et al., 2003; Clarke et al., 2007; Mcgregor et al., 2012; 2013; 2014).
Thus far, studies on the SWS have revealed its linkage to the seasonal southward shift of high SST above the convection threshold, corresponding to the southward migration of solar radiation in winter. Three different mechanisms were proposed: 1) high SSTs located south of the equator in winter can generate stronger convection anomalies and larger zonal wind anomalies than those north of the equator (Spencer, 2004; Lengaigne et al., 2006; Stuecker et al., 2013); 2) the southward shift of high SST enhances wind convergence but weakens boundary layer friction in the South Pacific Convergence Zone (SPCZ), through which ENSO drives larger zonal wind anomalies south of the equator (Mcgregor et al., 2012); 3) the wintertime cross-equator northerly winds driven by the southward shift of high SSTs can induce a southward advection of the equatorial zonal wind anomalies (Gong and Li, 2021; 2023).
It has been suggested that the extent of the SWS, specifically the latitude of maximal zonal wind anomalies, is larger in El Niño than in La Niña (Abellán and McGregor, 2016; Gong and Li, 2021). Additionally, the eastern Pacific (EP) El Niño events exhibit a more pronounced SWS than the central Pacific (CP) El Niño (McGregor et al., 2013; Zhang et al., 2015; Gong and Li, 2023). These findings suggest a dependence of the SWS extent on the ENSO spatial pattern. However, it is noteworthy that El Niño tends to be stronger than La Niña (e.g., Burgers and Stephenson, 1999), and EP El Niño events are typically stronger than CP El Niño events (Kug et al., 2009; Okumura, 2019; Xie et al., 2020). This also suggests a potentially overlooked relationship between the SWS extent and ENSO intensity, which is a research focus of this study. Furthermore, EP El Niño exhibits a faster decay rate than CP El Niño (Kug et al., 2009; Chen and Li, 2021), and there is a tendency for an EP (CP) El Niño to be followed by a CP (EP) La Niña (Li et al., 2015; Wang and Ren, 2020; Chen and Li, 2021). Hence, another aim of this study is to investigate the dynamical processes that connect the SWS extents to the different ways in which diverse El Niño events terminate.
In this study, we aim to re-evaluate the SWS phenomenon and its relationship with forms of El Niño termination by considering El Niño intensity as a key perspective. Observed El Niño events are classified into two types: a strong type that is capable of inducing a pronounced SWS in winter (SWS El Niño) and a weak type without an evident SWS (non-SWS El Niño). We will compare the spatial pattern of low-level wind anomalies and examine physical processes that lead to varying SWS extents. Forms of El Niño terminations associated with different SWS extents will also be compared.
2 DATA AND METHODS
The SSTs and atmospheric fields used in this study are from the fifth-generation European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis (ERA5; Hersbach et al., 2023a; b). These fields include three-dimensional winds and geopotential height. Oceanic data, including sea surface height (SSH) and zonal and meridional ocean currents, are from the ECMWF Ocean Reanalysis System 5 (ORAS5; Copernicus Climate Change Service, Climate Data Store, 2021). The current analysis spans the period from 1980 to 2020. To validate the diagnostic results derived from observations, considering the limited number of El Niño events, we utilize the 1200-year outputs from the pre-industrial control experiment conducted in the UKESM1-0-LL (Meinshausen et al., 2017). The simulated El Niño events in this model exhibit diverse intensities and locations, providing a reasonable comparison to observations (Dieppois et al., 2021). All data are interpolated into a 1°×1° horizontal resolution.
According to Gong and Li (2021), a SWS involves a transition from symmetric zonal wind on the equator to antisymmetric zonal wind between hemispheres. Hence, the atmospheric variables, excluding the meridional wind, are decomposed into symmetric and antisymmetric parts relative to the equator, as expressed in the following terms:
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where y denotes latitude, and subscripts s and a denote the symmetric and antisymmetric parts of this variable, respectively. For meridional wind fields, the equatorial symmetric and antisymmetric components are defined as follows:
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This approach results in the generation of a robust antisymmetric zonal wind pattern concerning the equator, featuring low-level westerly (easterly) anomalies to the south (north) during the El Niño mature phase (e.g., Figures 4A, 5A). To investigate the distinct SWS characteristics in the strong and weak El Niño types, a comparable analysis of the zonal momentum budget for the antisymmetric zonal wind is conducted. The budget equation is written as follows:
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where the overbar (prime) denotes the monthly climatology (anomaly), and the subscript a denotes the antisymmetric part of each budget term; u, v, and ω are the three-dimensional winds, f is the Coriolis parameter, φ denotes the geopotential height, and Fx is the apparent momentum sink term that consists of turbulence viscosity and surface zonal friction. The calculation of the Fx follows the procedure in Gong and Li (2021): zonal momentum tendency and each term in Eq. (5) except Fx values are calculated first using daily reanalysis raw data, then Fx can be determined and averaged into monthly values for a monthly zonal momentum budget analysis.
3 RESULTS
3.1 Observed SWS features in the two El Niño types
The spatio-temporal pattern of the SWS during El Niño can be obtained through a multivariate empirical orthogonal function (MV-EOF) analysis of the low-level wind anomalies averaged over 1000–850 hPa in the tropical central Pacific (150ºE–120ºW, 15ºS–15ºN). This area is chosen to concentrate on the variability of low-level winds solely in the equatorial central Pacific while eliminating the influence of anomalous anticyclones/cyclones over the northwestern tropical Pacific typically associated with ENSO (e.g., Stuecker et al., 2013). Figure 1 shows the first two modes, which collectively account for 55% of the total wind variance. The first mode exhibits a quasi-symmetric westerly wind pattern about the equator (Figure 1A) that peaks in Nov0-Dec0-Jan1-Feb1 (ND0JF1, Figures 1C,D). Here, 0 and 1 denote the ENSO developing and decaying years, respectively. Clearly, this mode represents the simultaneous wind response to ENSO, indicated by its high correlation with the Niño-3.4 index (SSTA averaged in 170ºW–120ºW, 5ºS–5ºN) (Figure 1C). The second mode shows maximal westerly anomalies situated south of the equator between 170ºW and 130ºW, a sign of SWS (Figure 1B). Notably, this mode shows large principle component (PC) values in Jan1-Feb1-Mar1-Apr1 (JFMA1, Figures 1C,D) when the ENSO mode decays. It is apparent that the spatio-temporal features of the first two modes are consistent with those of the ENSO mode and the ENSO-annual cycle combination mode (C-mode), as identified by Stuecker et al. (2013). Additionally, PC2 (the principle component of the second mode) shows large values following strong El Niño events (e.g., 1982/83, 1997/98, and 2015/16) but remains small in other El Niño events (Figure 1C). It has been suggested that these extreme El Niño events are related to pan-tropical Pacific interaction (Wang and Wang, 2021). During the developing year of an extreme El Niño, the presence of an Atlantic Niña in the summer and a positive Indian Ocean dipole in the fall would jointly produce additional westerlies over the equatorial central-to-eastern Pacific, thereby augmenting an extreme El Niño. Furthermore, the regressed SST and wind anomalies confirm that the first mode is linked to the mature phase of the ENSO, whereas the second mode is associated with the decaying phase of the ENSO that is initiated in the equatorial central Pacific (Figures 1E,F).
[image: Figure 1]FIGURE 1 | Spatio-temporal characteristics of the first two MV-EOF modes of low-level wind anomalies (vectors; m s−1) in the tropical Pacific (150°E−120°W, 15°S–15°N) during 1980–2020. The spatial patterns are shown in (A, B), with shading indicating the zonal wind anomalies. The corresponding principal components (PCs) and Niño3.4 indexes are displayed in (C), and their monthly standard deviations of PC and Niño3.4 are presented in (D). Panels (E) and (F) display the regressed sea surface temperature (SST) and low-level wind anomalies on the two PCs, respectively. Stipples and vectors indicate the SST anomalies and wind anomalies exceeding the 95% confidence levels, as estimated from a Student’s t-test.
Based on the ND0JF1 values of PC1 and the JFMA1 values of PC2, El Niño events are categorized into two types: one with (principle component of the first mode) PC1>0.75 and PC2>0.75, indicating a pronounced SWS (SWS El Niño), and the other with PC1>0.75 and PC2<0.75, representing a weak SWS (non-SWS El Niño). It is common practice to use a criterion of 0.75 standard deviations of PC to distinguish distinct El Niño events from others. For instance, Chen L. et al. (2016) utilized a 0.75 standard deviation of the ND0J1 Niño 3 index (SSTA averaged in 150ºW–90ºW, 5ºS–5ºN) as a criterion for an El Niño event. A higher criterion, such as one standard deviation of JFMA1 PC2, will exclude the 1991/92 event, which did experience a clear SWS, from the SWS El Niño type. Nevertheless, applying a higher criterion will not significantly change the results and conclusions of this study. The SWS El Niño type includes the El Niño events in 1982/83, 1991/92, 1997/98, 2009/10, and 2015/16, which are strong and were classified as EP El Niño events except for the CP El Niño in 1991/92 and 2009/10 (e.g., Kim et al., 2009; Lee and McPhaden, 2010). The non-SWS El Niño type comprises events in 1986/87, 1994/95, 2002/03, 2004/05, and 2006/07 El Niño events, which are weaker and were previously categorized as CP El Niño events, except for the 1986/87 and 2006/07 events (see event definition in Lee and McPhaden, 2010). According to our classification, the occurrence of SWS phenomena depends on El Niño intensity rather than spatial pattern.
The seasonal evolution of the first two PCs for both El Niño types is shown in Figure 2. For both types, their PC1s, representing symmetric westerly anomalies, begin during spring, peak in winter from November (0) to February (1), and decay in the following spring (Figures 2A,B). The PC2 of the SWS El Niño type has negative values during the El Niño developing phase but undergoes a rapid reversal around October 0) and peaks during JFMA1 (Figure 2A), indicating a significant SWS. Conversely, in the non-SWS El Niño type, PC2 remains negative throughout the El Niño developing and mature phases and turns positive in the summer and early autumn of the decaying year (Figure 2B). The different seasonal PC2 evolutions confirm the previous conclusion and our hypothesis that the weaker CP El Niño event is not associated with an obvious SWS during the decaying spring (Mcgregor et al., 2013; Zhang et al., 2015).
[image: Figure 2]FIGURE 2 | Monthly evolution of the first two PCs associated with (A) SWS El Niño events and (B) non-SWS El Niño events. Light red (blue) contours represent PC1 (PC2) for the individual event, and the thick contours correspond to the event composites. Plus signs indicate values exceeding the 95% confidence levels estimated from a Student’s t-test. The thin black lines indicate the ±0.75 standard deviations of the two PCs.
As suggested by Zhang et al. (2015) and Gong and Li (2023), the SWS phenomena are attributed to the combined influence of winds associated with the two modes. Therefore, the SWS structures can be reconstructed by combining the wind anomaly components associated with the two MV-EOF modes through the following equation:
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Here, [image: image] denotes the reconstructed wind anomalies, and [image: image] and [image: image] represent the wind patterns related to the two modes. The reconstructed wind anomalies from each mode and their combinations in JFMA1 are shown in Figure 3. For the PC1 reconstructed wind anomalies, both SWS and non-SWS El Niño events exhibit quasi-symmetric westerly anomalies centered on the equator over the central Pacific (Figures 3A,E), a characteristic wind anomaly pattern during the El Niño mature phase (Figure 1A). Notably, the SWS El Niño events have much stronger westerly anomalies that are approximately 2–3 times larger than those of non-SWS El Niño events.
[image: Figure 3]FIGURE 3 | The reconstructed low-level wind anomalies (m s−1) from each mode and their combinations in JFMA1 for SWS El Niño (left) and non-SWS El Niño (right) events, derived based on PC1 (A, E), PC2 (B, F), and combined PC1 and PC2 (C, G). The composites of observed wind anomalies for the two El Niño events are shown in (D, H). Shading indicates zonal wind anomalies, and stipples indicate values exceeding the 95% confidence levels estimated from a Student’s t-test.
The PC2 reconstructed wind anomalies display significant distinctions (Figures 3B,F). For the SWS El Niño events, a remarkable SWS occurs in the southern central Pacific between 180° and 130°W, accompanied by strong easterly anomalies over the northwestern tropical Pacific (Figure 3B). This wind anomaly pattern enhances the PC1-related westerly anomalies over the central Pacific but strongly weakens those over the northwestern Pacific, favoring the SWS phenomena. In contrast, the non-SWS El Niño events show an almost opposite and very weak wind anomaly pattern from the SWS El Niño events in the same region (Figure 3F), mirroring the weak and negative PC2 values in JFMA1 (blue contour in Figure 2B). The weak westerly (easterly) anomalies over the western (central) equatorial Pacific tend to enhance (weaken) the westerly anomalies associated with PC1, thus inhibiting, rather than favoring, the SWS phenomena, which is consistent with the wind analysis of the weak CP El Niño in Zhang et al. (2015). The combination of the wind anomaly components reconstructed from the first two modes (Figures 3C,G) shows high similarities to the observed wind anomaly patterns of the two El Niño types (Figures 3D,H). The classified SWS El Niño is associated with a prominent SWS pattern over the central Pacific in JFMA1, featured by maximal westerly anomalies centered along 7°S between 150°E and 140°W (Figures 3C,D). In contrast, the non-SWS El Niño displays a weaker SWS, with maximal westerly anomalies at 3°S between 150°E and 160°W (Figures 3G,H).
3.2 Momentum budget diagnosis of antisymmetric zonal wind anomalies
Gong and Li (2021, 2023) suggested that the SWS arises from the development of antisymmetric zonal wind anomalies starting from the ENSO mature phase. A momentum budget of the antisymmetric zonal wind anomaly component is conducted to elucidate the specific physical processes responsible for the SWS. The antisymmetric zonal wind anomalies for the two El Niño types, along with their tendency and positive budget terms calculated following Eq. (5), are displayed in Figures 4, 5. The positive tendency term in the southern hemisphere (SH) signifies westerly and thus favors the SWS. For both the SWS El Niño and non-SWS El Niño events (Figures 4, 5), the leading positive tendency terms are the anomalous meridional advection of anomalous westerlies by a mean meridional wind [image: image], the anomalous zonal advection of mean zonal wind by an anomalous zonal wind [image: image], and the anomalous pressure gradient force [image: image]. Other terms have negative values, indicating an inhibition of the SWS (figures not shown). This momentum budget is consistent with Gong and Li (2023), although their focus was on the EP and CP El Niño types.
[image: Figure 4]FIGURE 4 | Composite (A) antisymmetric component of the anomalous low-level zonal wind [[image: image], m s−1], (B) its tendency [image: image], and (D–F) the leading positive terms [image: image], [image: image], and [image: image] in the antisymmetric zonal momentum budget analysis in D0JF1 for the SWS El Niño. The averaged values over the green box (160°E−150°W, 0°–15°S), where the maximal [image: image] is located, are shown in (C)
[image: Figure 5]FIGURE 5 | Similar to Figure 4 for the non-SWS El Niño. The green box is the domain with maximal [image: image] (160°E−160°W, 0°–15°S).
The momentum budget results indicate that the mechanism for the strong and weak SWS in the two types of El Niño events is the same. However, it is noteworthy that the two advection terms mentioned above for the SWS El Niños are nearly twice as large as those for the non-SWS El Niños (Figure 4C; Figure 5C), consistent with the intensity ratios of the anomalous zonal winds (Figures 3D,H) and antisymmetric zonal winds (Figures 4A, 5A) in the western-to-central Pacific south of the equator. The two anomalous advection terms are further divided into the advections associated with symmetric and antisymmetric winds, following Eqs (7), (8):
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Then, the antisymmetric components can be written as
[image: image]
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Figure 6 shows the horizontal patterns of the right-side terms of Equations 9, 10 for SWS El Niño events. It is seen that the antisymmetric zonal advection [image: image] is determined by the advection of climatological symmetric zonal wind by an anomalous antisymmetric zonal wind ([image: image], Figure 6A) and the advection of climatological antisymmetric zonal wind by an anomalous symmetric zonal wind ([image: image], Figure 6B), with the latter term contributing slightly more. The anomalous symmetric zonal wind is westerly between 10°S and 10°N (Figure 6C), thereby inducing a positive momentum term in the SH where the reversed zonal gradient of the climatological antisymmetric zonal wind is positive ([image: image], Figure 6C). The antisymmetric meridional advection [image: image] is mainly determined by [image: image] (Figure 6D), that is, the advection of anomalous symmetric zonal wind by the climatological antisymmetric meridional wind. During D0JF1, mean cross-equator northerlies are established (Figure 6F) as a result of the southward migration of the warm pool. Those northerlies can advect the maximal equatorial westerly anomalies southward, therefore strengthening the westerly anomalies south of the equator. The antisymmetric advections in the non-SWS El Niño events are similar to those in the SWS El Niño events, albeit with weaker values (figures not shown).
[image: Figure 6]FIGURE 6 | Horizontal distributions of (A) [image: image], (B) [image: image] , (D) [image: image], and (E) [image: image] in D0JF1 for the SWS El Niño events (10–5 m s−2). (C) Composite symmetric wind anomaly (vector; m s−1) and the zonal gradient of climatological antisymmetric zonal wind (shading; 10–5 m s−2), and (F) climatological antisymmetric wind (vector; m s−1) and the meridional gradient of symmetric zonal wind anomaly (shading; 10–5 m s−2) in D0JF1 averaged over 1000–850 hPa for an SWS El Niño.
As suggested by Gong and Li (2021, 2023), the contribution of the anomalous pressure gradient force arises from an antisymmetric mode in the atmospheric convection. In our analysis, the anomalous pressure gradient force is equal in the two types of El Niño events (Figures 4C, 5C), although the SSTA and geopotential height anomalies are stronger in an SWS El Niño. This is attributed to the antisymmetric geopotential height anomaly patterns induced by different SSTA patterns in the two types of El Niño in the western Pacific during winter (Figure 7). In the case of an SWS El Niño, the antisymmetric positive SSTAs in the SH exhibit a zonal distribution between 15°S and 5°S, with the strongest SSTA located at 150°W (Figure 7A). Notably, these SSTA are located within a mean SST background exceeding 27 °C, a threshold known for deep atmospheric convection (Lau et al., 1997; Johnson and Xie, 2010; Xie et al., 2020). Consequently, anomalous stronger convection is generated at 150°W and extends along the 10°S–5°S belt (Figure 7B). The intensified convection anomalies further excite westward-propagating atmospheric Rossby waves, leading to a zonally uniform pattern in negative geopotential height anomalies over the SH tropical Pacific basin (Figure 7B).
[image: Figure 7]FIGURE 7 | Composite distributions of (A) symmetric mean SST (contour, °C) and antisymmetric SST anomalies (SSTA; shading, °C), and (B) antisymmetric outgoing longwave radiation anomalies (OLRA; shading, W m−2) and antisymmetric geopotential height anomalies averaged over 1000–850 hPa (contour, gpm) for SWS El Niño events. (C, D) Similar to (A, B) for non-SWS El Niño events.
In contrast, the antisymmetric SSTA in the SH for the non-SWS El Niño events show a zonal dipole pattern, with a positive SSTA pole at 170°W and a weak negative pole around 160°E (Figure 7C). Compared to the patterns for the SWS El Niño, the SSTA center and the consequent convection center are more westward (Figure 7D). Therefore, Rossby waves are generated in a more westward location, resulting in negative geopotential height anomalies appearing at 170°W (Figure 7D). However, due to the presence of the weak negative SSTA west of 170°E in a background SST above 28°C, which has even larger convection-SST sensitivity than the 27 °C SST at 170°W (Figure 7C; Xie et al., 2020), convection is severely suppressed, and geopotential height is significantly increased through Rossby waves (Figure 7D). Despite the weaker underlying SSTA, this dipole pattern in the antisymmetric geopotential height anomalies in the SH creates a zonal gradient comparable to that in an SWS El Niño.
It is evident that the joint effects of antisymmetric advections [image: image] and [image: image] and anomalous pressure gradient force [image: image] collectively trigger an SWS during El Niño events, regardless of El Niño spatial patterns. The development of westerly anomalies in the SH and the ultimate magnitude of westerly anomalies depends on the strength of the anomalous zonal wind ([image: image]) that is linked to El Niño intensity. The anomalous antisymmetric geopotential height ([image: image]) is likely associated with the antisymmetric mode elucidated by Gong and Li (2021, 2023), which involves positive feedback sustained by moisture convection.
3.3 Varied El Niño terminations of SWS and non-SWS El Niño events
Previous studies have suggested that the SWS plays a role in the termination of El Niño (Harrison and Vecchi, 1999; Vecchi and Harrison, 2003; Spencer, 2004; Lengaigne et al., 2006; McGregor et al., 2012) through the oceanic processes as mentioned in Section 1. We notice that the different extents of SWSs in the two types of El Niños show varied termination patterns, as shown in Figure 8. To illustrate the oceanic response to different SWS intensities, the meridional Sverdrup transport is approximately estimated from the meridional shear of the low-level zonal wind anomalies through the following equation:
[image: image]
[image: Figure 8]FIGURE 8 | Seasonal evolution of ocean–atmospheric anomalies for SWS El Niño (A–J) and non-SWS El Niño (K–T) events in observation. In the first and third columns, the shading and gray contour denote SSTA (in °C), and vectors represent low-level wind anomalies (in m s−1) averaged over 1000–850 hPa. In the second and last columns, the shading and contour denote sea surface height anomalies (in m), and vectors represent sea current anomalies averaged over 0–50 m (in m s−1). The black dots and vectors indicate values exceeding the 95% confidence levels estimated from a Student’s t-test.
For the SWS El Niño events, the SSTA are strong in the equatorial central-to-eastern Pacific, accompanied by large westerly anomalies south of the equator and equator-ward convergent wind anomalies between 160°E and 120°W in boreal winter, when the local SST exceeds the 27 °C convection threshold (D0JF1, Figure 8A). As a consequence of the downwelling and convergent oceanic Kelvin waves excited by the prevailing westerly anomalies along the equator during the developing seasons, there are positive sea surface height anomalies (SSHA) in the eastern Pacific, and eastward sea current anomalies are observed along the equator (Figure 8F). However, the rapid decrease of equatorial westerly anomalies induced by the SWS results in an imbalance with the zonal gradient force of the SSHA along the equator. Therefore, such eastward sea current anomalies are relatively weak, attributed in part to the westward gradient force of the SSHA (Kug et al., 2009; Chen H.-C. et al., 2016) and partly to the westward sea current anomalies related to the reflected upwelling oceanic Kelvin waves from off-equatorial upwelling Rossby waves at the western boundary.
Those off-equatorial Rossby waves, initially triggered by strong equatorial westerly anomalies months earlier, project strong energy to the reflected Kevin waves. As a result, the westward sea current anomalies associated with reflected Kelvin waves are thus strong and act to reverse the equatorial zonal sea current anomalies (Figure 8G), thereby initiating El Niño decay (see Figure 8B). Meanwhile, the SWS also induces an asymmetric inter-hemispheric mass and heat content exchange through poleward Sverdrup transport, resulting in a larger transport towards the north from the equatorial central Pacific (Figures 8G, 9A), as discussed in the series studies of Mcgregor et al. (2012, 2013, 2014). The poleward mass transports in the central Pacific strengthen the gradient force of the westward zonal SSHA and intensify the equatorial westward sea current anomalies (Figure 8G), which further enhances the cool advection of cold water from the cold tongue (negative zonal advection feedback). Simultaneously, water mass loss in the equatorial central Pacific also shoals thermocline and accelerates oceanic upwelling, through which more subsurface cool water is pumped up to cool the sea surface (negative Ekman and thermocline feedback). The SSHA and sea current anomaly changes in the eastern Pacific are relatively weaker and slower than those in the central Pacific (Figures 8B,G), and the poleward Sverdrup transports show less inter-hemispheric asymmetry (Figure 9B). These oceanic responses to the SWS and the associated negative oceanic feedback are consistent with those revealed by Ren and Jin (2013) that the reversal of the equatorial sea current anomalies provides the initial negative feedback for El Niño phase transition.
[image: Figure 9]FIGURE 9 | Latitude–time section of the meridional shear (in s−1) of the low-level zonal wind anomalies averaged in the Niño 4 (left panel) and Niño 3 (right panel) regions for (A, C) SWS and (B, D) non-SWS El Niño events in observation.
Attributed to these negative feedbacks, the SWS El Niño decays rapidly and transitions to La Niña in the equatorial central Pacific (Figures 8C–E). During the development of La Niña, easterly anomalies gradually strengthen over the central-to-western Pacific because the background high SST is high enough to support weak negative SSTA to generate convection and wind responses (Figures 8C,D). In turn, these easterly anomalies trigger westward sea current anomalies and upwelling oceanic Kelvin waves to further shoal the thermocline and enhance Ekman pumping. As a result, the westward advection of cool water from the cold tongue and upward pumping of subsurface cool water are strengthened to accelerate the development of La Niña. Eventually, the SWS El Niño decays into a central Pacific La Niña that has maximal SSTA around 160°W (Figure 8E). I
t is noteworthy that the negative SSHA are strongest in the boreal fall (SON1) rather than in the boreal winter (D1JF2) (Figures 8I,J). It is due to the propagation of the reflected downwelling Kelvin waves from the off-equatorial downwelling Rossby waves at the western boundary, which can weaken the negative SSHA by inducing surface water convergence.
The termination of a non-SWS El Niño differs from that of an SWS El Niño. In the mature phase (D0JF1), positive SSTA are centered in the equatorial central Pacific around 160°W, accompanied by westerly (easterly) anomalies to the west (east) side (Figure 8K). The anomalous convergent zonal winds along the equator result in maximal SSHA around 160°W (Figure 8P). Simultaneously, zonal sea current anomalies converge towards the SSHA maximum, with eastward (westward) currents along the western-to-central (eastern) equatorial Pacific (Figure 8P). The westward current anomalies can advect cool water from the cold tongue, which leads to the initial negative SSTA in the eastern Pacific and enhancement of these westward wind in the following spring (Figure 8I). Meanwhile, the SSHA pattern shows a discharge process wherein the equatorial positive SSHA weaken rapidly, and westward sea current anomalies occupy the entire equatorial Pacific (Figure 8Q,r). This indicates a weakening of the positive thermocline feedback and a strengthening of the negative zonal advection feedback. Consequently, the weak non-SWS El Niño undergoes a rapid decay, and La Niña gradually develops in the eastern Pacific (Figure 8M,n). During the phase transition of a non-SWS El Niño, the poleward Sverdrup transports are weaker and show less inter-hemispheric asymmetry in both the central and eastern Pacific (Figures 9B,D). Ultimately, the non-SWS El Niño turns into a weak La Niña, characterized by negative SSTA between 160°W and 120°W (Figure 8O), a slightly eastward location compared to the La Niña developed from a SWS El Niño (c.f. Figures 8E,O).
Comparing the terminations of the SWS and non-SWS El Niño events highlights the role of the SWS in driving oceanic responses responsible for the decaying of positive SSTA. The strong SWS El Niño experiences a rapid termination that initially occurs in the equatorial central Pacific, where there are meridionally asymmetric poleward Sverdrup transports and a reversal of the zonal sea current anomalies. Ultimately, it evolves into a strong La Niña that can be classified as the CP type. In contrast, the non-SWS El Niño, lacking an intense SWS, undergoes its initial decay in the equatorial eastern Pacific by the cool advection from the cold tongue carried by the eastward sea current anomalies. Concurrently, the poleward Sverdrup transport is less asymmetric about the equator. Our result, in particular the SWS El Niño case, is consistent with the findings in McGregor et al. (2013), which emphasizes the prominent role of the SWS in establishing the meridional asymmetry in the discharge of heat content and mass into the northern hemisphere during El Niño termination.
3.4 Model validation
In this section, we use the 1880-year output of pre-industrial control run from the UKESM1-0-LL model to demonstrate the dependence of the SWS on El Niño intensity and compare the different El Niño terminations with and without the presence of the SWS. As reported by Dieppois et al. (2021), this model can reproduce a reasonable diversity in El Niño intensity and spatial pattern, making it a qualified candidate to reveal the dependence of the SWS phenomenon on El Niño intensity and the associated different El Niño termination patterns. This analysis aims to mitigate the uncertainty arising from the limited El Niño cases in the set of observations.
In total, 334 El Niño events are identified based on the wintertime (D0JF1) Niño 3.4 index exceeding one standard deviation. The associated low-level wind anomalies in D0JF1 and the following MAM1 are displayed in Figure 10. The westerly anomalies in the central equatorial Pacific in D0JF1 show an SWS pattern, with the strongest westerly anomalies located near 5°S (Figures 10A,B). The SWS pattern persists in MAM1, but the westerly anomalies weaken as El Niño decays (Figures 10C,D). These wind patterns suggest that this model can reasonably reproduce an SWS.
[image: Figure 10]FIGURE 10 | Seasonal distributions of low-level zonal wind anomalies (shading; m s−1) composited in all El Niño events from UKESM1-0-LL averaged in (A) boreal winter (D0JF1) and (C) spring (MAM1). (B,D) The corresponding meridional profiles of zonal wind anomalies averaged between 160°E and 150°W for the two seasons. Black dots in the left panel denote values exceeding the 95% confidence levels estimated from a Student’s t-test.
To obtain the SWS El Niño and non-SWS El Niño events, a similar MV-EOF analysis is applied to the low-level zonal wind anomalies, and PC1 and PC2 are used to categorize El Niño events into two types, as done to the observational winds. It is shown that the SWS El Niño events are strong, and the non-SWS El Niño events are weak, as seen in the mature SSTA amplitude (Figure 11). However, both types share similar SSTA patterns, featured by the strongest positive SSTA located between 160°E and 120°W (Figures 11A,C). It is surprising that the weak westerly anomalies during the non-SWS El Niño mature phases also extend south of 5°S (Fig. d). However, the meridional distribution of these westerly anomalies is considerably flatter than the distribution of an SWS El Niño (Figures 11B,D). This implies a weaker wind stress curl and poleward Sverdrup transports near the equator, as can be seen in Figure 13.
[image: Figure 11]FIGURE 11 | Composites of SSTA (shading; °C) and low-level wind anomalies (vector; m s−1) for (A) SWS El Niño and (C) non-SWS El Niño events during boreal winter (D0JF1) in UKESM1-0-LL. (B,D) The meridional distributions of SSTA (red contour) averaged between 170°W and 120°W, and westerly anomalies (black contour) averaged between 160°E and 150°W for the two El Niño events. Black dots in (A,C) denote values exceeding the 95% confidence levels estimated from a Student’s t-test.
Due to the varied meridional profiles of westerly anomalies over the central Pacific, SWS El Niño and non-SWS El Niño events show different termination patterns (Figure 12). The termination pattern of each El Niño type closely resembles that of the corresponding one in the observation. An SWS El Niño decays initially near the equatorial central Pacific (Figures 12B,C), while a non-SWS El Niño terminates from the equatorial far eastern Pacific (Figures 12L,M). The non-SWS El Niño occurs initially in MAM1, which is earlier than that of the SWS El Niño. Furthermore, the subsequent La Niña event following a SWS El Niño is stronger than the one following a non-SWS El Niño (Figure 12E,o).
[image: Figure 12]FIGURE 12 | The same as Figure 8 for SWS El Niño (A–J) and non-SWS El Niño (K–T) events in UKESM1-0-LL.
The distinct El Niño termination patterns can be attributed to different locations and a reverse tendency of thermocline depth/SSH and surface current anomalies in the post-mature seasons (Figure 12G,q). For the SWS El Niño, strong westerly anomalies result in overall strong poleward Sverdrup transports in the central Pacific that become significantly asymmetric after January of the decaying year when an intense SWS occurs (Figure 12A). This leads to a strengthened northward mass and heat content transports into the north hemisphere. However, in the eastern Pacific, such Sverdrup transports are weaker and keep northwards (southwards) in the northern (southern) hemisphere (Figure 13C). As a consequence, positive SSHA decrease rapidly in the central Pacific but slowly in the eastern Pacific (Figure 12G), resulting in a rapid reversal of zonal gradient force and sea current anomalies. Consequently, thermocline and zonal advective feedback becomes negative, which contributes to the rapid termination of the SWS El Niño in the equatorial central Pacific.
[image: Figure 13]FIGURE 13 | The same as Figure 9 for SWS El Niño (A,C) and non-SWS El Niño (B,D) events in UKESM1-0-LL.
For the non-SWS El Niño, weak westward sea current anomalies manifest in the eastern Pacific during D0JF1 (Figure 12P), which initiates the westward advection of cool water to terminate El Niño. The poleward Sverdrup transports take place simultaneously in the equatorial central and eastern Pacific in the post-mature seasons (Figures 13B,D), which induces basin-wide poleward mass transports. As a result, basin-wide negative SSHA are established in MAM1, accompanied by a broad extension of westward sea current along the equator (Figure 13Q). Such processes can enhance the decay of El Niño and the development of La Niña by strengthening negative thermocline and zonal advective feedback. In summary, the termination patterns of the two types of El Niño events in the UKESM1-0-LL model support our findings in the observation that varying extents of an SWS can trigger distinct forms of El Niño termination.
4 CONCLUSION AND DISCUSSION
Previous studies have indicated that the maximal low-level westerly anomalies over the equatorial central Pacific locate south of the equator during the mature (D0JF1) and decaying (MAM1) seasons of an El Niño event (Vecchi and Harrison, 2003; Spencer, 2004; Lengaigne et al., 2006; McGregor et al., 2012; 2013; 2014; Zhang et al., 2015; Abellán and McGregor, 2016; Gong and Li, 2021). These studies have also proposed a correlation between the southward westerly shift (SWS) and the El Niño spatial pattern. Specifically, they suggested that an eastern Pacific (EP) El Niño shows a noticeable SWS, whereas a central Pacific (CP) El Niño does not. However, our current study establishes a dependence of the SWS on El Niño intensity during the mature phase.
The occurrence of the SWS is a result of the combined contribution of a meridionally quasi-symmetric westerly mode that develops concurrently with El Niño and peaks during El Niño mature winter (ND0JF1), and a southward shifted westerly mode that grows after October and peaks in the post-mature early spring (JFMA1). Consequently, El Niño events can be categorized into two types, SWS El Niño and non-SWS El Niño, based on the presence or absence of the remarkable SWS phenomena in the early spring season (JFMA1). An SWS El Niño is featured by maximal westerly anomalies extending south of 5°S in JFMA1 and has strong mature SSTA. On the other hand, a non-SWS El Niño is characterized by maximal westerly anomalies near 3°S during JFMA1 and exhibits weaker mature SSTA. Notably, both types of El Niño include individual events that were categorized as EP or CP flavor in earlier studies.
The development of the southward-shifted westerly mode can gradually collapse the quasi-symmetric wind mode, resulting in an antisymmetric wind pattern in the anomalous zonal wind, characterized by westerly anomalies south of the equator and easterly anomalies north of the equator. An antisymmetric zonal momentum budget diagnosis, similar to the approach employed by Gong and Li (2021, 2023), was applied to understand the mechanisms behind the growth of westerly anomalies south of the equator. The results indicate that the SWS is triggered by the advection of symmetric westerly anomalies by an antisymmetric climatological northerly in winter (Figures 6D,F), the advection of symmetric climatological zonal wind triggered by symmetric westerly anomalies (Figures 6B,C), and the antisymmetric zonal pressure gradient force, in which the first term contributes the most. The first and last terms are closely related to the southward shift of high SST exceeding 27°C in winter, which drives the mean cross-equator northerly and allows the El Niño SSTA south of the equator to generate stronger convection. However, the zonal distribution of antisymmetric SSTA south of the equator in the non-SWS El Niño shows a dipole pattern, unlike the zonally uniform pattern in the SWS El Niño, which consequently induces a comparable zonal pressure gradient force as those in the SWS El Niño case. For the non-SWS El Niño, the antisymmetric westerly anomalies and related advection terms are half as strong as those in an SWS El Niño, thereby leading to weaker growth in the anomalous westerly south of the equator. Therefore, the SWS depends on El Niño intensity.
With different extents of SWS, the two types of El Niño exhibit distinct termination patterns. An SWS El Niño decays initially in the equatorial central Pacific, while a non-SWS El Niño decays first in the far eastern Pacific (Figure 8). The key factors contributing to these differences lie in the locations where poleward Sverdrup transports take place and the initial westward sea current anomalies occur. An SWS El Niño exhibits strong poleward mass and heat content transports in the equatorial central Pacific in MAM1. This results in a strong discharge of local mass and heat content and further generates reversed zonal SSH gradient forces that drive westward sea current anomalies. Therefore, both thermocline and zonal advective feedbacks turn negative first in the equatorial central Pacific in MAM1, which initiates La Niña in JJA1.
In contrast, in the mature phase of a non-SWS El Niño, westward sea current anomalies appear in the far equatorial eastern Pacific, inducing initial El Niño termination and La Niña development by advecting cool water westwards. Meanwhile, the weak poleward mass and heat content transports induced by a weak SWS enhance the decaying of central Pacific SSTA by discharging local heat content. Furthermore, the analysis of many El Niño samples from the simulation in UKESM1-0-LL supports our findings in observation. Model results indicate a dependence of the extent of the SWS on El Niño intensity, and the resulting variations in El Niño termination patterns are related to different extents of the SWS.
Nevertheless, our findings do not deny the relationship between the extent of the SWS and the El Niño spatial pattern. From the perspective of convection and wind responses over the central Pacific, strong El Niño events are of the EP type, while weaker El Niño events are of a mixed type or a CP type (Okumura, 2019; Xie et al., 2020). Therefore, the momentum advection of larger westerly anomalies by the climatological northerly in strong EP El Niño events can lead to a greater growth in the westerly anomalies south of the equator, which manifests as an evident SWS.
In addition, this study focuses only on the role of internal variability of the air–sea interaction in producing an SWS during El Niño peak and decaying phases. External forces, such as volcanic eruptions, will lead to diverse SST and convection responses in the tropical Pacific (e.g., Liu et al., 2018; 2022), thereby influencing the extent of the SWS. Tropical volcanic eruptions will produce SST cooling and convection suppression in the tropical central Pacific in winter (Liu et al., 2022) that do not favor the emergence of a strong El Niño and an evident SWS. Volcanic eruptions in the northern hemisphere lead to reduced (enhanced) convection north (south) of the equator over the tropical central Pacific in winter, resulting in a more evident SWS. In contrast, volcanic eruptions in the southern hemisphere lead to an opposite convection response in winter and hence weaken the SWS. However, estimations of the ENSO–volcano link report diverse results depending on the research methods used (Dogar et al., 2023). Assessing the response of the SWS to external forcing would be an interesting research topic.
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