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Abstract


Although intensive studies have documented the recent increase in the frequency of the Central Pacific (CP) El Niño events, the underlying mechanism remains unclear. This motivates us to investigate the change in the frequency of CP El Niño events. By analyzing the occurrence of the CP El Niño events between 1960 and 2022, we confirm a statistically significant increase in the frequency of CP El Niño events since 2000. Over the 40 years between 1960 and 1999, eight CP El Niño events appeared. In contrast, over the 23 years between 2000 and 2022, six CP El Niño events are seen. The significant period of the CP El Niño shortens from 4–5 years to 2–3 years. The increased frequency of CP El Niño events is closely related to more frequent warm sea surface temperature (SST) anomalies in the central equatorial Pacific (5° S–5° N, 170° W–122° W) during the CP El Niño developing phase (June to October). A heat budget analysis of the mixed layer reveals that the SST variability in the central equatorial Pacific during the developing phase is determined by zonal temperature advection. The frequent anomalous warm zonal advection drives more frequent warm SST anomalies, and finally, the increased frequency of CP El Niño events, as observed.
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1. Introduction


El Niño–Southern Oscillation (ENSO) is the most significant interannual climate variability on the global scale [1]. As first pointed out by Bjerknes in 1969 [2], the ENSO is an air–sea coupled climate mode. Specifically, El Niño describes the oceanic side of the coupled mode [3,4,5,6], while the Southern Oscillation depicts the atmospheric side [7]. Historically, an El Niño event is identified according to the warm sea surface temperature (SST) anomalies in the Niño3 region (5° S–5° N and 150° W–90° W), which is located in the eastern equatorial Pacific [8]. This type of El Niño is now often called the Eastern Pacific (EP) El Niño [9]. The occurrence of traditional EP El Niño events strongly influences the global climate via the atmospheric bridge [10]. For example, the strong 1997/1998 EP El Niño event caused massive floods in the Yangtze River Basin in China during the 1998 summer [11]. Meanwhile, this El Niño event brought severe storms to the southern United States and California, unusually warm and dry conditions to the northern United States, resulting in USD 4 billion in losses [12].



Since 1990, intensive studies have documented another type of El Niño, characterized by the largest warm SST anomalies confined primarily to the central equatorial Pacific instead of the eastern equatorial Pacific [13,14,15,16]. As the warm SST anomalies appear mainly in the central equatorial Pacific near the International Date Line and close to the warm pool, this emerging type is known as Central Pacific (CP) El Niño [16,17], Dateline El Niño [18], warm-pool El Niño [6], or El Niño Modoki [15]. This study refers to it as the CP El Niño, as the counterpart of the EP El Niño. The remarkable warming over the central equatorial Pacific during the CP El Niño makes its influence on weather and climate quite different from the EP El Niño [5]. For example, during the late autumn to winter of EP and CP El Niño events, South China experiences increased precipitation. However, the positive precipitation anomalies during the EP and CP El Niño events differ in intensity and spatial pattern. The positive precipitation anomalies during the CP El Niño event are weaker and located further west, mainly in the inland region of South China, compared with the EP El Niño event [19]. The CP El Niño has a stronger influence on winter temperatures in the northwestern and southeastern United States, while the EP type mainly affects the Great Lakes, Northeast, and Southwest regions [20].



The two different types of El Niño, especially the CP type, have attracted much attention. Although some continue debating whether the CP El Niño constitutes a fundamentally distinct phenomenon or shares dynamical origins with EP El Niño while exhibiting different manifestations, intensive studies contrasted the mechanisms and variabilities of the EP and CP El Niño events. The mechanism for generating the EP El Niño events has been well-established [21,22,23,24]. Four conceptual models of ENSOs have been developed, including the delayed oscillator [21,25], the recharge oscillator [22,26], the western Pacific oscillator [23,27], and the advective–reflective oscillator [24]. However, the mechanisms for the CP El Niño events remain unclear. Four main hypotheses have been put forward. The first hypothesis attributes CP El Niño occurrence to the weakening of equatorial easterly winds. Ashok et al. (2007) [15] demonstrated that, after 1979, reductions in equatorial easterlies decreased zonal SST gradients, subsequently flattening the thermocline and creating favorable conditions for CP El Niño emergence. The second hypothesis associates CP El Niño occurrence with global warming. Yeh et al. [28] demonstrated that human-induced warming weakens the Walker circulation and trade winds, leading to a shoaling and flattening of the equatorial Pacific thermocline, enhancing positive feedbacks in the central Pacific and promoting localized warming anomalies. The third hypothesis links CP El Niño occurrence to the mean-state SST patterns. Xiang et al. [29] identified a La Niña-like SST pattern emerging in the tropical Pacific around 2000, which suppressed local convective activity and shifted westerly anomalies westward, effectively inhibiting the eastward propagation of SST anomalies. The fourth hypothesis emphasizes subtropical precursors in CP El Niño occurrence. Yu et al. [30] observed that, before the occurrence of a CP El Niño event, warm SST anomalies initially form in the extratropical northeastern Pacific through the seasonal footprinting mechanism [31,32,33]. These warm SST anomalies then extend equatorward to the central equatorial Pacific to drive the CP El Niño event.



Changes in the frequency of the CP and EP El Niño events are also a focus [34,35]. Recent research suggests that both CP and EP El Niño events will occur much more frequently under the projected global warming scenarios in the future [28,36,37]. Specifically, weakened trade winds under global warming would flatten the equatorial Pacific thermocline while shoaling the central Pacific thermocline at the beginning of CP El Niño [28]. However, this hypothesis struggles to account for observed trends over the past 30 years [1]. In addition, since the late 20th century, the CP El Niño events have become more frequent and intense, while EP El Niño events have declined and become stronger [14,38]. It is worth mentioning that, though the global mean surface temperature plateaued since the 1990s for about a decade [39], the CP El Niño events became more frequent and intense [14,28,29,40,41]. In particular, Lee and McPhaden [40] observed a doubling in the intensity of CP El Niño events from 1982 to 2010 based on observational data, arguing that Central Pacific thermocline shoaling could not explain the amplified strength of the CP El Niño events.



As mentioned above, many studies have noted the recent increase in the frequency of CP El Niño events [14,28,36,38]; however, the underlying mechanism is still unclear. It motivates us to focus on the increased frequency of the CP El Niño events in recent decades and figure out the mechanism. Based on the Pettitt test, we confirm a significant increase in the frequency of CP El Niño events since 2000. Between 1960 and 1999, eight CP El Niño events were recorded over a 40-year period, whereas six events were observed during the shorter 23-year span from 2000 to 2022. To explore the drivers of this increased frequency, we conduct a heat budget analysis of the upper 70 m layer in the central equatorial Pacific using ECCO2 model outputs. Our results highlight that more frequent anomalous warm zonal advection over the central equatorial Pacific contributes to more frequent warm SST (mixed layer temperature) anomalies, leading to the observed increased frequency of the CP El Niño events since 2000. This paper is organized as follows: Section 2 offers the data and methods; Section 3 confirms the significantly increased frequency of CP El Niño events since 2000; Section 4 investigates the mechanisms driving the increases in the frequency of CP El Niño events. This study culminates in Section 5 and Section 6, synthesizing key conclusions and providing an interpretive analysis of the results.




2. Data and Methods


2.1. Data


El Niño events are identified according to the Ocean Niño Index (ONI) [42]. The ONI is downloaded from https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php (accessed on 15 June 2024).



Merged EP and CP indices are used to identify the EP and CP El Niño events. The Merged EP and CP indices are created using four widely used ENSO indices. The four ENSO indices are as follows: (1) the CP and EP indices by Yu and Kao [16], which were downloaded from https://www.ess.uci.edu/~yu/2OSC/ (accessed on 11 May 2024); (2) the C and E indices by Takahashi et al. [43]; (3) the Niño4 and Niño3 indices proposed by Yeh et al. [28]; and (4) the warm pool and cold tongue Niño indices (NWP and NCT) by Ren and Jin [44]. Here, we calculated the C and E indices, the Niño4 and Niño3 indices, and the NWP and NCT indices using ERSST V5 data [45] according to the corresponding methods. The ERSST V5 data were exclusively used to compute these indices and downloaded from https://www.psl.noaa.gov/data/gridded/data.noaa.ersst.v5.html (accessed on 4 June 2024).



The Hadley Centre Sea Ice and Sea Surface Temperature (HadISST) dataset is used to analyze the tropical Pacific SST. The HadISST is a global monthly SST and sea ice analysis developed by the Met Office Hadley Centre [46]. It has a spatial resolution of 1° × 1° and spans from 1870 to the present. The data were downloaded from https://www.metoffice.gov.uk/hadobs/hadisst/index.html (accessed on 10 November 2024).



The Estimating the Circulation and Climate of the Ocean, Phase II (ECCO2) Cube92 model output is employed to perform a heat budget analysis in the central Equatorial Pacific. The ECCO2 is a model simulation performed based on an eddy-permitting configuration of the Massachusetts Institute of Technology general circulation model [47]. The ECCO2 estimates fit the observations using a Green’s Function approach. The simulation is dynamically and kinematically consistent, with a mean horizontal resolution of 18 km and 50 depth levels to 5906 m. The ECCO2 output provides the required variables that are necessary for the heat budget analysis, including the vertical current velocity. The interpolated ECCO2 output, averaged every 3 days on a 0.25° × 0.25° horizontal grid between 1993 and 2022, was downloaded from https://apdrc.soest.hawaii.edu/datadoc/ecco2_cube92.php (accessed on 11 May 2024).



Surface 10 m wind from the NCEP/NCAR Reanalysis I [48] is also used. The reanalysis product provides global monthly surface wind on a 2.5° × 2.5° horizontal grid since 1960. The wind data were downloaded from https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html (accessed on 17 January 2024).




2.2. Methods


2.2.1. Identification of CP and EP El Niño Events


El Niño events are identified according to the ONI criterion proposed by the National Oceanic and Atmospheric Administration (NOAA). An event is classified as the El Niño event when the ONI reaches or surpasses +0.5 °C for at least five consecutive overlapping three-month periods.



We applied the Merged EP/CP-index method, proposed by Jia and Guo (2025) [19], to determine all the EP and CP El Niño events from the identified El Niño events. This approach first standardizes the CP index, the C index, the Niño4 index, and the NWP index, respectively. Then, the Merged CP index is derived as the arithmetic mean of these four standardized indices. The same procedure was used to obtain the Merged index (the time series of Merged CP and EP indices are shown in Figure S1a,b). The spatial patterns of SST anomalies regressed on the Merged EP and CP indices (Figure S1c,d) are consistent with previous studies [15,49].



Based on the Merged EP/CP-index, an El Niño event is classified as CP (EP) if the average Merged CP index value for December, January, and February exceeds (below) that of the Merged EP index.




2.2.2. Significance Tests


Multiple significance tests are used in this study. For correlation analyses, a two-tailed Student’s t-test was applied. For spectral analyses, a red noise test is adopted. The Pettitt test is employed to identify the change point in the occurrence of CP El Niño events. The Pettitt test is a well-established method for detecting abrupt changes in time series, providing a solid theoretical foundation for variability analysis [50]. Previous studies have demonstrated that this method can effectively identify significant shifts in the mean of a time series, even when the exact timing of the change is unknown [51]. The test is based on the Mann–Whitney statistic Ut. In addition, effective degrees of freedom are used for long time series following the approach proposed by Pyper and Peterman [52].




2.2.3. The Mixed Layer Heat Budget Equation


For the mixed layer in a specific region, such as in the central equatorial Pacific, the mean mixed layer temperature     T   m     is controlled by


     ∂   T   m     ∂ t    =      Q   0   −   q   d     ρ ·   C   p   · h    − u    ∂   T   m     ∂ x    − v    ∂   T   m     ∂ y    −   w   e n t          T   m   −   T   d       h    + R e s  



(1)




where   t   is the time,     Q   0       is the net surface heat flux,     q   d     is the downward radiative heat flux across the base of the upper layer,   ρ   is the seawater density,     C   p     is the specific heat of seawater,   h   is the mixed layer depth,   u   and   v   are the zonal and meridional current velocity, respectively,     w   e n t     is the entrainment rate of cold seawater from below the mixed layer,     T   d     is the seawater temperature below the mixed layer, and   R e s   is the residual containing the contribution from mixing [53,54].      ∂   T   m     ∂ t      on the left hand of Equation (1) is the temperature tendency term, while        Q   0   −   q   d     ρ ·   C   p   · h     ,   − u    ∂   T   m     ∂ x     ,   − v    ∂   T   m     ∂ y     ,   −   w   e n t          T   m   −   T   d       h     , and   R e s   on the right hand are the surface thermal forcing term, the zonal temperature advection term, the meridional temperature advection term, the vertical entrainment term, and the residual term, respectively.



In this study, we use a fixed mixed layer base instead of a varying one. The study region (5° S–5° N, 170° W–122° W) is located in the central equatorial Pacific, where the seasonality of mixed layer depth is much weaker than in the midlatitudes. The mixed layer in the study region is around 50–100 m [55,56]. Here, we chose the upper 70 m layer as the mixed layer. The mean temperature of the upper 70 m layer in the study region is consistent with the regional mean SST, as shown in Figure S2. Considering the 70 m layer is much thicker, we take     q   d     as 0. In other words, we think that the upper 70 m layer absorbs the whole surface net heat flux. Using a fixed mixed layer, the     w   e n t     follows


          w   e n t   =   w   d   ,     w   d   > 0         w   e n t   = 0 ,     w   d   ≤ 0        



(2)




where     w   d     is the vertical current velocity at the base of the fixed mixed layer, and upward positive. The heat budget analysis is performed based on the ECCO2 model output.






3. Increase in CP El Niño Frequency Since 2000


During the study period between 1960 and 2022, 21 El Niño events are identified according to the ONI criterion (see Section 2.2 Methods). Furthermore, based on the Merged EP/CP-index method, among the identified El Niño events, 14 were classified as CP El Niño, while the remaining 7 were categorized as EP El Niño. The results are listed in Table 1. More CP El Niño events are observed compared with EP El Niño events.



The frequency of CP El Niño events increased since 2000. Figure 1a displays the frequency of CP El Niño events from 1960 to 2022. If a CP El Niño event occurs, the occurrence is denoted as 1; otherwise, the occurrence is 0. A notable increase in CP El Niño frequency seems to emerge since 2000. During 1960–1999, eight CP El Niño events are recorded over the 40 years. Meanwhile, during the shorter 23-year span of 2000–2022, six CP El Niño events are observed. To investigate the change in the frequency, we applied the Pettitt test to detect abrupt changes in the CP El Niño events, as shown in Figure 1b. The CP El Niño events exhibited significant abrupt changes around 2000. Specifically, the CP El Niño events underwent a significant abrupt change in 2001, shifting from a declining trend pre-2001 to a rising trend thereafter.



CP El Niño events experienced significant changes since 2000. To further investigate the frequency of CP El Niño events, Figures S3–S6 present the number of events within 7-year, 9-year, 11-year, and 13-year moving windows, respectively. The results are consistent with the significant abrupt changes observed after 2000. Specifically, CP El Niño events exhibited significant abrupt changes across various moving window lengths. Within a 7-year moving window, a notable shift occurred in 2000 (p < 0.05), changing from a declining trend prior to 2000 to an increasing trend thereafter. In the 9-year moving window, a significant change was detected between 1999 and 2001 (p < 0.05). For the 11-year window, the change occurred in 1998 (p < 0.05), while in the 13-year window, a significant abrupt shift was observed in 1999 (p < 0.05). Hence, using 2000 as the change point, we will analyze the changes in CP El Niño events during 1960–1999 and 2000–2022. A statistical analysis of the number of CP El Niño events for each decade from the 1960s to the 2010s further confirms the abrupt changes in the CP El Niño frequency after 2000 (see Figure S7). The result is consistent with previous studies [14,38].



Since 2000, the period of CP El Niño’s interannual variability shortened. We first examine the differences in the interannual variability of the CP El Niño before and since 2000. Figure 2a presents the time series of the Merged CP index. The power spectrum results of the Merged CP index during 1960–1999 and 2000–2022 are shown in Figure 2b,c, respectively. The Merged CP index during 1960–1999 exhibited the most significant period at 2.5, 3.6, and 4.4 years (passing the 99% confidence level, Figure 2b). Since 2000, the amplitude of the interannual variability in CP El Niño did not show obvious changes. However, the most significant period of the interannual variability of the Merged CP index shortened and shifted to 2–3 years since 2000, as shown in Figure 2c. The period of the CP El Niño events shortens from 4–5 years to 2–3 years. In summary, the interannual variability in the CP El Niño exhibited a shortened period. Consistent results were also obtained from the wavelet power spectrum of the Merged CP index, as illustrated in Figure S8.




4. Mechanisms


4.1. More Frequent Warm SST Anomalies in the Key Region


To investigate the increased frequency of CP El Niño events since 2000, we first performed a composite analysis of SST anomalies across three evolutionary phases: the onset, developing, and mature phases. Following previous studies [57,58,59,60], February–April (FMA) and April–June (AMJ) are chosen to indicate the onset phase, June-August (JJA) and August-October (ASO) are taken to represent the developing phase, and October-December (OND) and December-February (D(0)JF(+1)) are picked to reflect the mature phase. The composite SST anomalies from FMA(0) to D(0)JF(+1) during the CP El Niño events between 1960 and 2022 are illustrated in Figure 3a–f, respectively. Significant warm SST anomalies first appear in the central equatorial Pacific in JJA(0) of the developing phase (Figure 3c). The specific region with significant SST anomalies is 5° S–5° N, 170° W–122° W (the black box in Figure 3c). Then, the significant warm SST anomalies amplify and extend eastward, as from Figure 3d–f. The specific region of 5° S–5° N, 170° W–122° W is essential for the developing phase of the CP El Niño. We take it as the key region for the CP El Niño.



The SST anomalies in the key region are highly linked to CP El Niño events during the developing phase. Figure 4a,b present the time series of regional mean SST anomalies in the key region and the Merged CP index during the developing phase, respectively. The two time series seem to have the same phase change. A lead–lag correlation analysis further confirms the close relationship. As shown in Figure 4c, the largest positive correlation coefficient reaches 0.75 at zero leads or lags, passing the 99% confidence level. It suggests that the SST anomalies in the key region and the Merged CP index during the developing phase of the CP El Niño events exhibit a significant simultaneous correlation.



Notably, warm SST anomalies in the key region are more frequently observed during 2000–2022 compared to 1960–1999. Figure 5a shows the time series of regional mean SST anomalies in the key region from 1960 to 2022 during the developing phase. Between 1960 and 1999, there were 14 years that presented large and persistent warm SST anomalies in the key region over 40 years. In contrast, between 2000 and 2022, there were 9 years in which large and persistent warm SST anomalies emerged in just 23 years. The increased frequency of the warm SST anomalies in the key region since 2000 is further confirmed by a wavelet analysis. Figure 5b shows the wavelet power spectrum of the regional mean SST anomalies. The regional mean SST anomalies in the key region exhibit two dominant periods before and after 2000. During 1960–1999, the SST anomalies showed a significant period of 2–5 years. However, during 2000–2022, the significant period shifts to 2–3 years. The more frequent warm SST anomalies in the key region during the developing phase of the CP El Niño are consistent with the shortened period of the interannual variability of the Merged CP index in Figure 2c since 2000. The more frequent warm SST anomalies in the key region drive the observed increased frequency of the CP El Niño events since 2000.




4.2. Role of Anomalous Warm Zonal Advection


So, why are warm SST anomalies in the key region more frequently observed during the developing phase since 2000? To find out the answer, we conducted a heat budget analysis of the mixed layer in the key region based on the ECCO2 model output. The ECCO2 output spans from 1992 to 2022. Here, we used a fixed mixed layer, and the mixed layer depth is chosen to be 70 m according to previous studies [61]. The two datasets, HadISST and ECCO2, also exhibit nearly identical time series of monthly regional mean SST anomalies in the key region, as shown in the yellow line and the blue line in Figure 6, respectively. The time series of the regional mean SST in the key region from HadISST and the 70 m depth-averaged regional mean temperature in the key region from ECCO2 are offered in the yellow line and the red line in Figure 6, respectively. Clearly, the two time series show nearly the same phase change. This suggests that the SST and the subsurface temperature in the Central Pacific of the ECCO2 output are consistent with the SST of the HadISST. This guarantees that performing the heat budget analysis of the upper 70 m layer in the Central Pacific based on the ECCO2 output is valid.



The results of the heat budget analysis of the upper 70 m layer in the key region during the developing phase (JJASO) are illustrated in Figure 7. The temperature tendency (Figure 7a) mainly follows the zonal temperature advection (Figure 7c). Their correlation coefficient is 0.96, passing the 95% confidence level. The correlation coefficient between the temperature tendency and surface thermal forcing is −0.67. In comparison, the correlation with meridional temperature advection is 0.81, the vertical entrainment is 0.81, and the residual term is −0.80. Other terms also show significant correlation coefficients, but they are less important than zonal temperature advection. Surface thermal forcing exhibits no significant changes over time. Zonal temperature advection is the dominant process during the developing phase of CP El Niño events. In contrast, meridional temperature advection plays a minor role in the warming during this phase and shows a further decline after 2000. Vertical entrainment remains relatively steady throughout the period. The residual term associated with heat flux represents a combination of mixing. In all, on the interannual time scale, the SST, as well as mixed layer temperature variability in the key region is determined by zonal temperature advection.



The more frequent warm SST anomalies in the key region during the developing phase are induced by the more frequent anomalous warm zonal advection. Figure 8a shows the time series of regional mean zonal advection anomalies in the key region from 1992 to 2022 during the developing phase. Figure 8b,c present the time series of regional mean SST anomalies in the key region and the Merged CP index during the developing phase, respectively. The warm zonal advection and SST anomalies appear to exhibit in-phase changes. In the key region, correlation analysis reveals that the correlation coefficient was 0.80 during 2000–2022, passing the 99% confidence level. Between 2000 and 2022, there were 9 years in large and persistent warm zonal advection anomalies which emerged in just 23 years. Specifically, anomalous warm zonal advection is observed in the years 2002, 2004, 2006, 2008, 2009, 2012, 2014, 2015, and 2018, consistent with the results shown in Figure 5a.





5. Conclusions


This study investigates the recent increase in the frequency of CP El Niño events. Based on the Merged EP/CP-Index method, we identify all the CP El Niño events between 1960 and 2022. There are 14 CP El Niño events over the 63 years. A Pettitt test is used to analyze the change in the frequency of CP El Niño events during 1960–2022. The results confirm a significant increase in the frequency of CP El Niño events since 2000. Over the 40 years between 1960 and 1999, eight CP El Niño events appeared. In contrast, over the 23 years between 2000 and 2022, six CP El Niño events are seen. In addition, the period of the CP El Niño events shortens from 4–5 years to 2–3 years.



A composite analysis of the SST anomalies during the CP El Niño event reveals that the key region (5° S–5° N, 170° W–122° W) in the central equatorial Pacific is essential for the development of CP El Niño events. The increased frequency of CP El Niño events is closely related to more frequent warm SST anomalies in this key region during the developing phase of CP El Niño events (i.e., June to October). The two datasets, HadISST and ECCO2, also exhibit nearly identical time series of monthly regional mean SST anomalies in the key region. Furthermore, a heat budget analysis of the upper 70 m layer in the key region based on the ECCO2 output suggests that the SST variability in the central equatorial Pacific during the developing phase is dominated by zonal temperature advection. The more frequent warm SST anomalies are caused by frequent anomalous warm zonal advection. In all, we propose that the frequent anomalous warm zonal advection since 2000 causes the more frequent warm SST anomalies, and finally drives the observed increase in the CP El Niño event frequency since 2000.




6. Discussion


The frequency of the EP El Niño events has declined since the 2000s. Figure 9a,b display the number of EP El Niño events. A notable decline in EP El Niño frequency is evident since 2000, with only one EP El Niño event occurring over the subsequent two decades (Figure 9a). To determine the timing of the frequency changes, we applied the Pettitt test to detect abrupt changes in the number of EP El Niño events, as shown in Figure 9b. EP El Niño events also exhibited significant abrupt changes since 2000, yet their frequency trends diverged markedly from CP El Niño events. Specifically, the EP El Niño events showed a statistically significant abrupt change in 1997 (p < 0.05), transitioning from a significant increasing trend pre-1997 to a declining trend since 1997. These results reveal opposing frequency characteristics between EP and CP El Niño events.



Consistent with Shin et al. (2022) [14], our results also indicate a marked increase in CP El Niño frequency since 2000. Previous studies also reported that there has been an increase in extreme El Niño events in recent years [34]. Although our study examines the trends and changes in EP and CP El Niño events, we do not specifically analyze their intensities. We classify the two types of El Niño into four intensity levels: super, strong, moderate, and weak, based on the ONI, following L’Heureux et al. [62]. Table S1 shows the number of EP and CP El Niño events at each intensity. There are three, one, two, and one EP El Niño events classified as super, strong, moderate, and weak, respectively. Meanwhile, the number of CP El Niño events in these categories is zero, two, five, and seven, respectively. Figure S9 shows the proportion of events at each intensity. From the distribution of different intensities of EP and CP El Niño events, we find that EP El Niño events are predominantly super El Niño events, accounting for 43% (Figure S9a). In contrast, 50% of CP El Niño events are weak, followed by 36% classified as moderate, with no super CP El Niño events observed (Figure S9b). As the current number of EP and CP El Niño events of different intensities and types is too limited to analyze trends and variability, further research is essential to incorporate longer-term data or model experiments, which would help investigate the characteristics of El Niño frequency under different intensities. Moreover, a complementary relationship between the decadal frequencies of CP El Niño events is evident in Figures S7 and S10: when the frequency of EP El Niño events is at its lowest, CP El Niño events reach a peak, while the total number of events appears to remain relatively constant. Therefore, further investigation is warranted to determine whether these two types of El Niño events represent different manifestations of the same underlying decadal variability. The zonal temperature advection during the developing phase of CP El Niño events might be linked to anomalous zonal winds over the key region.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/atmos16060654/s1, Figure S1: The Merged EP/CP index and the corresponding spatial patterns of winter Sea Surface Temperature (SST) anomalies for EP and CP El Niño events are presented. (a) and (b) show the time series of the monthly merged EP and CP indices from 1960 to 2022, respectively. (c) and (d) display the composite spatial patterns of SST anomalies (color shading, in °C) for EP and CP El Niño events in December, January, and February (0/1). Among the 21 El Niño events, 7 EP and 14 CP El Niño events are used in the composites (see Table 1). This analysis follows the methodology of Jia and Guo (2025); Figure S2: Time series of regional mean SST anomalies (blue) in the key region during the developing phase and the upper 70 m layer regional mean temperature (red); Figure S3: Statistical analysis and Pettitt test of the frequency of CP El Niño events. (a) The number of CP El Niño events within a 7-year moving window; (b) Pettitt test for the number of CP El Niño events within a 7-year moving window, where the solid line denotes the test statistic, the black dashed line indicates the detected change point, and the magenta, blue, and yellow dashed lines represent the 99%, 95%, and 90% confidence levels, respectively; Figure S4: Statistical analysis and Pettitt test of the frequency of CP El Niño events. (a) The number of CP El Niño events within a 9-year moving window; (b) Pettitt test for the number of CP El Niño events within a 9-year moving window, where the solid line denotes the test statistic, the black dashed line indicates the detected change point, and the red dashed line represents the 95% confidence level; Figure S5: Statistical analysis and Pettitt test of the frequency of CP El Niño events. (a) The number of CP El Niño events within a 11-year moving window; (b) Pettitt test for the number of CP El Niño events within a 11-year moving window, where the solid line denotes the test statistic, the black dashed line indicates the detected change point, and the magenta, blue, and yellow dashed lines represent the 99%, 95%, and 90% confidence levels, respectively; Figure S6: Statistical analysis and Pettitt test of the frequency of CP El Niño events. (a) The number of CP El Niño events within a 13-year moving window; (b) Pettitt test for the number of CP El Niño events within a 13-year moving window, where the solid line denotes the test statistic, the black dashed line indicates the detected change point, and the magenta, blue, and yellow dashed lines represent the 99%, 95%, and 90% confidence levels, respectively; Figure S7: The number of occurrences of the CP El Niño events in each decade from the 1960s to the 2010s; Figure S8: The real part of wavelet coefficients for the Merged CP index, with black soild lines indicating the 95% significance level; Table S1: All the El Niño events with four different intensities between 1960 and 2022 according to the ONI-based criterion and their types decided by the Merged EP/CP-index methods; Figure S9: Proportion of two types of El Niño events with different intensities. (a) Proportions of super El Niño, strong El Niño, moderate El Niño, and weak El Niño events within EP El Niño events; (b) Same as (a), but for CP El Niño events; Figure S10: The number of occurrences of the EP El Niño events in each decade from the 1960s to the 2010s.
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Abbreviations


The following abbreviations are used in this manuscript:



	ENSO
	El Niño–Southern Oscillation



	SST
	Sea surface temperature



	EP
	Eastern Pacific



	CP
	Central Pacific



	ONI
	Ocean Niño Index



	NWP
	Warm pool Niño index



	NCT
	Cold tongue Niño index



	HadISST
	The Hadley Centre Sea Ice and Sea Surface Temperature



	FMA
	February, March, and April



	AMJ
	April, May, and June



	JJA
	June, July, and August



	ASO
	August, September, and October



	OND
	October, November, and December



	DJF
	December, January, and February
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Figure 1. Statistical analysis and Pettitt test of the frequency of CP El Niño events. (a) The number of CP El Niño events; (b) Pettitt test for the number of CP El Niño events, where the solid line denotes the test statistic, the black dashed line indicates the detected change point, and the red dashed line represents the 95% confidence level. 
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Figure 2. The time series and power spectrum analysis of the Merged CP index. (a) The time series of the Merged CP index from 1960 to 2022. The blue dashed line represents the year 2000; (b) Power spectrum analysis of the Merged CP index in 1960–1999. The blue solid line represents the power spectrum, and the red dashed line offers a 99% significance level; (c) Same as (b), but during 2000–2022. 
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Figure 3. Composite of SST anomalies during the onset, developing, and mature phases of the CP El Niño event (1960–2022). (a,b) Composite of SST anomalies during the onset phase (February to June) of the CP El Niño event. The black box represents the key region, which extends from 5° S to 5° N, 170° W to 122° W; (c,d) Same as (a,b), but for the developing phase (June to October); (e,f) Same as (a,b), but for the mature phase (October to February of the following year). Color shading highlights significant SST anomalies that exceed the 95% confidence level. 
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Figure 4. Regional mean SST anomalies in the key region for CP El Niño and the Merged CP index during the developing phase. (a) The time series of regional mean SST anomalies in the key region for CP El Niño during the developing phase. (b) The time series of the Merged CP index during the developing phase. The black dashed line indicates the zero line (y = 0). (c) Lead–lag correlation analysis between the time series of regional mean SST anomalies in the key region for CP El Niño and the Merged CP index during the developing phase. The grey dashed lines represent the 99% confidence levels. 
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Figure 5. Regional mean SST anomalies and wavelet power spectrum in the key region for CP El Niño during the developing phase. (a) The time series of regional mean SST anomalies in the key region for CP El Niño during the developing phase. Red shading denotes warm SST anomalies, blue shading denotes cold SST anomalies, and the blue dashed line marks the year 2000; (b) Wavelet power spectrum of regional mean SST anomalies in the key region for CP El Niño during the developing phase (color shading). The solid contour lines denote the 95% significance level, The dashed contour line indicates the cone of influence. 
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Figure 6. Time series of regional mean SST anomalies in the key region during the developing phase, based on HadISST (yellow) and ECCO2 (blue) datasets, along with the upper 70 m layer regional mean temperature from ECCO2 (red). 
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Figure 7. The heat budget analysis of the upper 70 m layer in the key region based on the ECCO2 model output between 1992 and 2022. (a) The monthly depth-averaged regional mean temperature tendency term. (b) The surface thermal forcing term, (c) the zonal temperature advection term, (d) the meridional temperature advection term, (e) the vertical entrainment term, and (f) the residual term. 
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Figure 8. Time series of regional mean zonal advection and SST anomalies in the key region and Merged CP index during the developing phase. (a) The zonal temperature advection term from the heat budget analysis of the upper 70 m layer in the key region, based on ECCO2 model output from 1992 to 2022; (b) The time series of regional mean SST anomalies in the key region for CP El Niño during the developing phase; (c) The time series of the Merged CP index during the developing phase. The black dashed line marks the year 2000. 
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Figure 9. Statistical analysis and Pettitt test of the frequency of EP El Niño events. (a) The number of EP El Niño events; (b) Pettitt test for the number of EP El Niño events, where the solid line denotes the test statistic, the black dashed line indicates the detected change point, and the red dashed line represents the 95% confidence level. 
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Table 1. All the CP and EP El Niño events between 1960 and 2022, as identified by the Merged EP/CP-index method (see Section 2.2 Methods).
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	CP El Niño Events
	EP El Niño Events





	Years
	1963–1964; 1965–1966; 1968–1969; 1969–1970;

1977–1978; 1979–1980; 1987–1988; 1994–1995;

2002–2003; 2004–2005; 2006–2007; 2009–2010;

2014–2015; 2018–2019
	1972–1973; 1976–1977;

1982–1983; 1986–1987;

1991–1992; 1997–1998;

2015–2016
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