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Abstract In around 1990, significant shifts occurred in the spatial pattern and temporal evolution of the El
Niflo-Southern Oscillation (ENSO), with these shifts showing asymmetry between El Nifio and La Nifia phases.
El Nifio transitioned from the Eastern Pacific (EP) to the Central Pacific (CP) type, while La Nifia's multi-year
(MY) events increased. These changes correlated with shifts in ENSO dynamics. Before 1990, El Nifio was
influenced by the Tropical Pacific (TP) ENSO dynamic, shifting to the Subtropical Pacific (SP) ENSO dynamic
afterward, altering its spatial pattern. La Nifia was influenced by the SP ENSO dynamic both before and after
1990 and has maintained the CP type. The strengthened SP ENSO dynamic since 1990, accompanied by
enhanced precipitation efficiency during La Nifia, make it easier for La Nifia to transition into MY events. In
contrast, there is no observed increase in precipitation efficiency during El Nifio.

Plain Language Summary In this study, we explored changes in the El Nifio-Southern Oscillation
(ENSO) phenomenon from 1950 to 2022. We discovered significant shifts in ENSO complexity, particularly
after 1990, affecting where ENSO events occur and how long they last. Notably, these changes differed between
El Nifio and La Nifia phases. El Nifio's location shifted from the Eastern Pacific to the Central Pacific, while La
Nifia extended its duration, leading to more multi-year events. These complexities relate to shifts in El Nifio and
La Nifia dynamics. El Nifio changed from a Tropical Pacific dynamic to a Subtropical Pacific dynamic,
influencing its shift to the central Pacific. La Nifia dynamics remained constant, causing La Nifia's central
location to remain unchanged. After 1990, the tropical precipitation efficiency showed an asymmetric change
between El Nifio and La Nifia phases. The intensified atmospheric response to La Nifia cooling enabled more
frequent activations of the SP ENSO dynamic, thus increasing the frequency of multi-year La Nifia. These
findings advance our understanding of ENSO and can enhance ENSO prediction.

1. Introduction

El Nifio-Southern Oscillation (ENSO) is one of the strongest interannual climate variations and can impact
worldwide climate (McPhaden et al., 2006; Power et al., 2013). Research since the 1970s has proposed several
theories to successfully explain its common properties (e.g., Jin, 1997; Latif et al., 1998; Philander, 1983;
Wyrtki, 1985). However, ENSO properties in recent decades differ from those before, leading to increased
attention on event-to-event differences, which is referred to as ENSO diversities or complexities (Capotondi
et al., 2015; Timmermann et al., 2018).

ENSO complexities manifest at least on three aspects: spatial pattern, temporal evolution, and intensity. ENSO is
now divided into Eastern Pacific (EP) and Central Pacific (CP) types (Kao & Yu, 2009; Yu & Kao, 2007) based
on the central zonal location of its largest sea surface temperature anomalies (SSTAs) (Ashok et al., 2007
Capotondi et al., 2015; Kug et al., 2009; Larkin & Harrison, 2005). The CP ENSO occurs more frequently in the
21st century, possibly due to global warming (McPhaden et al., 2011; Yeh et al., 2009), natural decadal variability
(Yu et al., 2015), or random variability (Newman et al., 2011). ENSO intensity has also fluctuated, increasing
after the mid-1970s (An & Wang, 2000) but decreasing in the 21st century (Hu et al., 2020). Regarding temporal
evolution, ENSO typically lasts a year, however, some recent ENSO events lasted over a year, becoming multi-
year (MY) events, such as the 2014-2016 MY El Nifio and the 2020-2023 MY La Nifia. These changes suggest
evolving ENSO complexities in spatial pattern, temporal evolution, and intensity. We aim to quantify these
changes and determine the specific timing of the changes. Additionally, La Nifia usually exhibits weaker intensity
(Burgers & Stephenson, 1999; Deser & Wallace, 1987), more westward location (Kug & Ham, 2011), and longer
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evolution (Larkin & Harrison, 2002; Okumura & Deser, 2010) compared to El Nifio. Therefore, we must
investigate whether the ENSO complexity changes are asymmetric between El Nifio and La Nifia phases.

One potential reason for the ENSO complexity changes is shifts in ENSO dynamics. The classic ENSO theory,
known as the recharge oscillator (Jin, 1997), referred to the Tropical Pacific (TP) ENSO dynamic, emphasizes
thermocline variations along the equatorial Pacific and their lead-lag interactions with surface winds and SSTs.
The TP ENSO dynamic favors the SSTAs in the eastern equatorial Pacific, where the SSTs are most sensitive to
thermocline variations (Yu et al., 2017). This dynamic promotes single-year (SY) ENSO events (Yu &
Fang, 2018) since the El Nifio/La Nifa-induced zonal winds consistently trigger out-of-phase heat content
changes, leading to the termination of the El Nifio/La Nifia. That is, the TP ENSO dynamic primarily generates EP
and SY ENSO, contributing to reduce ENSO complexities.

Recently, another Subtropical Pacific (SP) ENSO dynamic has been proposed (Capotondi et al., 2015; Di Lorenzo
et al., 2015; Yu et al., 2010, 2012), which emphasizes that through Wind-Evaporation-SST feedbacks (Xie &
Philander, 1994), a North Pacific Meridional Mode (NPMM) (Chiang & Vimont, 2004) can be formed and bring
SSTAs from the northeastern subtropical Pacific to the central tropical Pacific (Vimont et al., 2001) to develop a
CP ENSO (Yu & Kim, 2011; Yu et al., 2017). Furthermore, a mature ENSO event could provide feedback to the
subtropical North Pacific, triggering the next NPMM event. This, in turn, sustains the El Nifio/La Nifia event
through the SP ENSO dynamic, ultimately resulting in a MY ENSO event (Fang & Yu, 2020; Yu & Fang, 2018).
That is, the SP ENSO dynamic can lead to greater ENSO complexities. Another goal of this study is to explore if
the relative importance of TP and SP ENSO dynamics has changed and whether this dynamic change can explain
the ENSO complexity changes.

In brief, we address the following four scientific questions: (a) Have ENSO complexities in spatial pattern,
temporal evolution, and intensity and ENSO dynamics changed in recent decades? (b) Can we precisely identify
the timing of these changes? (c) Can the changes in ENSO dynamics explain the changes in ENSO complexities?
(d) Are these changes asymmetric or symmetric between El Nifio and La Nifia phases?

2. Data and Methods

This study uses SST from the Hadley Center Sea Ice and SST (Rayner et al., 2003), winds from the National
Centers for Environmental Prediction/National Center for Atmospheric Research Reanalysis 1 (Kalnay
et al., 1996), sea surface height (SSH) from Ocean Reanalysis System 4 (Balmaseda et al., 2013), subsurface
temperature from Institute of Atmospheric Physics (Cheng et al., 2017), precipitation from the National Oceanic
and Atmospheric Administration (Chen et al., 2004) (see details in Data Availability Statement). All analyses
cover the period 1950-2022, except for SSH data, which spans for 1958-2017. Anomalies are defined as the
deviations from the seasonal cycle averaged over the analysis period after removing linear trends.

Besides the Nifio indices (Nifio4, Nifio3.4, Nifiol+2 and cold tongue index (CTI)), we also employed the NPMM
index to quantify the strength of NPMM and the TP and SP indices to respectively measure the strengths of TP
and SP ENSO dynamics (see Text S1 in Supporting Information S1). ENSO events are categorized into EP or CP
types based on the relative strength of the Nifiol +2 and Nifio4 indices, and into SY or MY types according to the
value of second-year Nifio3.4 index (see Text S2 in Supporting Information S1). In this study, we utilized the
depth of the 20°C isotherm (D20) as a proxy for thermocline depth. While alternative approaches, such as the
maximum vertical gradient of ocean temperature, have been proposed (e.g., Chen et al., 2015, 2017), the use of
D20 is considered practical over the eastern tropical Pacific, given the relatively coarse vertical resolution of
existing ocean temperature data. Statistical significance is assessed using a two-tail Student's 7-test.

3. Results
3.1. Changes in ENSO Complexities

Figures la—1c display the SSTA evolution along the equatorial Pacific (5°S-5°N) from 1950 to 2022. Super-
imposed on the evolution is the longitudinal location of the maximum positive (minimum negative) SSTAs over
the equatorial central-to-eastern Pacific (120°E to 80°W). There is a distinct longitudinal shift in the SSTA center
around 1990, marked by a significant westward shift of 14° (significant at the 99% confidence level), moving
from a mean center at 129°W before 1990 to a mean center at 143°W afterward. We then examined the shift
separately for warm and cold episodes (Figures 1d and le) and discovered an asymmetric change in central
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Figure 1. (a—) Evolution of standardized equatorial (5°S—-5°N) SSTA

(shading) from 1950 to 2022, smoothed by a 10°-longitude and 10-month
running mean. Black lines indicate the longitudinal location of maximum

positive (minimum negative) SSTAs over the central-to-eastern Pacific
(120°E—80°W). (d—e) Red (blue) lines depict central SSTA locations for
warm (cold) episodes in (a—c). Dashed lines in (a—e) separate pre-1990

(1950-1989) and post-1990 (1990-2022) periods. Vertical and horizontal

solid-black lines denote mean longitude values of SSTA centers, with

numbers indicating specific longitude change values. (f, g) Scatter plot
illustrates central location (X-axis) and peak intensity (Y-axis) of winter
(ND%") SSTAs for El Nifio and La Nifia events. Hollow (solid) circles

represent individual events (mean value), with black (red) circles indicating

events before (after) 1990. Numbers next to each hollow circle mark the
developing year of the ENSO events. Error bars show 95% confidence
intervals.

location, with a more pronounced westward shift of 20° (significant at the
99% confidence level) for warm episode but only 7° for the cold episode.
When examining the central location changes specific to El Nifio and La Nifia
(Figures 1f and 1g), El Nifio exhibited a conspicuous westward shift of 17°
after 1990, while La Nifia remained relatively stable. Interestingly, the in-
tensities of both El Nifio and La Nifia have not undergone profound changes
in recent decades, despite earlier suggestions of potential increase in ENSO
intensity (Cai et al., 2015; Collins et al., 2010). We also classified the ENSO
events into EP and CP types (Table S1 in Supporting Information S1) to
investigate whether changes in longitudinal location can cause shifts in ENSO
types. El Nifio shifted from primarily EP type (61.5%) before 1990 to mostly
CP type (63.6%) thereafter (Table S2a in Supporting Information S1). The
ratio of the numbers of CP to EP El Nifio also increased threefold (0.6—1.8). In
contrast, La Nifla (Table S2b in Supporting Information S1) remained
consistently CP type in both the pre-1990 (53.8%) and the post-1990 (64.2%)
periods, with minimal variation in the CP to EP ratio (1.2-1.8). All these
analyses highlight a clear shift in the location of El Nifio around 1990,
whereas the same shift is not observed for La Nifia.

We next examined changes in the complexity of ENSO's temporal evolution
pattern. Figures 2a and 2b display the composite SSTA evolution along the
equatorial Pacific for the pre-1990 and post-1990 El Nifio. In both periods, El
Nifio consistently transitioned into a cold phase in the following year,
resulting in an SY evolution pattern. For La Nifia, while the pre-1990 La Nifia
(Figure 2c¢) tended to persist into the second year, the warm SSTAs from the
equatorial eastern Pacific disrupted the central Pacific cooling, interrupting
the MY evolution pattern. In contrast, for the post-1990 La Niiia (Figure 2d),
the cold SSTASs persisted throughout the second year, resulting in a MY event.
The different evolution patterns are reflected in the composite Nifio3.4 value
in the second-year winter (D'JF?), which decreased from 0 for the pre-1990
La Nifia to —0.33 for the post-1990 La Nifia (Figure 2f). Although the
Nifio3.4 change did not pass 95% significant test (p-value = 0.42), this dif-
ference still offers an indication that the duration of La Nifia has been elon-
gated after 1990. In contrast, the Nifio3.4 values for both the pre-1990 and
post-1990 El Nifio exhibit similarly negative values (—0.28 and —0.37;
Figure 2e), indicating a consistent termination of El Nifio events in the second
year.

Similarly, we classified individual El Nifio and La Nifia events as SY or MY
events (Table S1 in Supporting Information S1) to investigate whether the
changes in the temporal evolution of tropical Pacific SSTAs can project to
changes in the frequencies of SY and MY events. El Nifio remains dominated
by the SY evolution pattern in both pre- and post-1990 periods, with com-
parable percentages ranging from 53.4% to 63.6% (Table S2a in Supporting
Information S1). However, La Nifia is consistently characterized by the MY
evolution pattern and exhibits a notable increase in dominance percentages
after 1990 (61.5%-76.9%; Table S2b in Supporting Information S1). This

shift results in a dramatic increase in the ratio of MY to SY for La Nifia between these two periods (1.6-3.3). In

contrast, the MY to SY ratio decreases moderately for El Nifio (0.9-0.6). Therefore, the temporal evolution

changes are also asymmetric between El Nifio and La Nifia phases, with a significant shift toward more MY La
Nifia after 1990 but no similar trend for EI Nifio.

3.2. Changes in ENSO Dynamics

To understand the changes in ENSO complexities, we investigated potential modifications in ENSO dynamics
since 1990. The TP ENSO dynamic typically associates with the EP and SY ENSO patterns, while the SP ENSO
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Figure 2. Equatorial (5°S-5°N) SSTA evolution composited for the pre- and post-1990 (a, b) El Nifios and (c, d) La Nifias. White dots mark SSTAs significant at the 95%
confidence level. Blue bars display mean Nifio3.4 values in the second-year winter (ND'J?) of pre- and post-1990 (e) El Nifios and (f) La Nifias. Error bars represent 95%
confidence intervals.

dynamic contributes to CP and MY ENSO events (Yu et al., 2017; Yu & Fang, 2018). We find a significant
intensification of subtropical coupling after 1990 (Figure 3a), measured by the 21-year sliding correlation be-
tween the February’-March®-April® (FMA®) NPMM-Wind index and March®-April’-May® (MAM®) NPMM-
SST index. The mean coupling strength increased from 0.71 to 0.89 after 1990 (significant at the 95% confi-
dence level; Figure 3b). The intensity of the subtropical coupling-induced NPMM (the variance of the MAM"
NPMM-SST index) also increased significantly after 1990 (exceeding 90% confidence level; Figure 3c).

The effectiveness of the subtropical coupling in inducing ENSO events, measured by the correlation between
boreal spring NPMM-SST index and following winter (November’-December’-January', ND%") CTI index
(Figure 3d), increased significantly from 0.18 to 0.54 after 1990 (significant at 90% confidence level). Figure S3
in Supporting Information S1 shows the lagged regressions of SSTAs and surface wind anomalies onto the boreal
spring NPMM-SST index. In the pre-1990 period, the subtropical Pacific SSTAs induced by the boreal spring
NPMM could not reach the tropics (Figures S3a—S3f in Supporting Information S1). However, in the post-1990
period, these SSTAs extended into the tropical central Pacific (Figures S3g—S31 in Supporting Information S1).
When these SSTAs reached the tropics, a CP ENSO event emerges in MAM®, which develops and peaks in
subsequent seasons. However, the effectiveness of TP ENSO dynamic in inducing ENSO events, represented by
the correlation between MAM® mean thermocline depth (D20) over equatorial Pacific (5°S—5°N, 120°E—90°W)
and the following ND°J' CTI index (Figure S4 in Supporting Information S1), exhibited little change before and
after 1990 (0.57-0.48). Lagged regressions of SSTAs and surface wind anomalies onto the boreal spring D20
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Figure 3. (a) 21-year sliding correlations between FMA® NPMM-Wind index and MAM® NPMM-SST index.
(b) Correlations in (a) separated into pre-1990 and post-1990 periods. (c¢) Variance of MAM NPMM-SST index in both
periods. (d) Correlations between MAM? NPMM-SST index and following ND°I' CTI in both periods. Composite
difference between standardized SP and TP indices for (e) pre-1990 El Nifios and (f) post-1990 El Nifios. (g, h) Similar to (e,
f), but for La Nifias, with differences multiplied by —1 for relative strength assessment. Pink shading bands represent 95%
confidence intervals.
further indicated minimal changes in the ability of TP ENSO dynamic to induce ENSO (Figure S5 in Supporting
Information S1).
We used the TP and SP indices, obtained through Multivariate Empirical Orthogonal Function (MEOF) analysis
on combined SST, wind, and SSH anomalies (Yu & Fang, 2018; see Text S1 for details), to quantify the strengths
of the TP and SP ENSO dynamics, respectively. The ratio of the standard deviation of the SP index to that of the
TP index increased from 0.95 to 1.14 (Figure S6 in Supporting Information S1). This shift suggests that the SP
ENSO dynamic became more influential than TP ENSO dynamic after 1990 on overall ENSO variability. We
next separately examined the differences in TP and SP indices of El Nifio and La Nifia events, both in the periods
before and after 1990 (Figures 3e—3h). El Nifios were predominantly influenced by the TP ENSO dynamic
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throughout their lifecycles before 1990 except the onset phase (Figure 3e), but entirely dominated by the SP
ENSO dynamic after 1990 (Figure 3f). In contrast, La Niflas were consistently dominated by the SP ENSO
dynamic throughout their lifecycles, both before and after 1990 (Figures 3g and 3h).

3.3. Causes of El Nino-La Nifia Asymmetries in Complexity and Dynamic Changes

Comparing the SSTAs regressed onto the NPMM index (Figure S3 in Supporting Information S1) and the D20
index (Figure S5 in Supporting Information S1), we observed that SSTAs in the eastern tropical Pacific exhibit
higher sensitivity to thermocline variations, whereas SSTAs in the central tropical Pacific respond more to NPMM
fluctuations. In essence, the TP ENSO dynamic promotes EP ENSO, while the SP ENSO dynamic favors CP
ENSO. Considering the changed dynamics of El Nifio, it should primarily exhibit EP type before 1990 but shift
toward CP type after 1990 due to heightened dominance of SP ENSO dynamic. Given that La Nifia was consistently
governed by the SP ENSO dynamic, its spatial pattern should maintain the CP type. Consequently, the contrasting
predominance of TP and SP ENSO dynamics explains the El Nifio-La Nifia asymmetry in ENSO complexity
changes in spatial patterns.

The further question is why El Nifio and La Nifia were dominated by different ENSO dynamics during the pre-1990
period, but shifted to the same SP ENSO dynamic after 1990? The asymmetry in El Nifio and La Nifia dynamics is
attributed to present-day climate conditions with a relatively shallow eastern equatorial thermocline. The cold
ocean temperature below the thermocline is partially reflected in climatological SSTs in the eastern equatorial
Pacific, limiting further cooling despite increased thermocline lifting. In contrast, a deepened thermocline hinders
the below-thermocline cold ocean temperature from reaching the surface, resulting in significant warming of
equatorial eastern Pacific SSTs. This asymmetric impact is demonstrated by more pronounced SST warming
during deeper thermocline years (Figure S7a in Supporting Information S1) compared to shallower years (Figure
S7b in Supporting Information S1). The TP ENSO dynamic, characterized by equatorial Pacific thermocline
deepening and lifting, is more effective in inducing El Nifio but less efficient in inducing La Nifia, with the latter
consistently influenced by the SP ENSO dynamic. Through a 21-year running analysis (Figure S8 in Supporting
Information S1), we observed a significant deepening of the mean thermocline from the pre-1990 to the post-1990
periods, indicating a 6.9% over the tropical eastern Pacific (5°S—5°N and 90°-80°W; Figure S9a in Supporting
Information S1) and a 16.7% over the Nifiol +2 region (Figure S9b in Supporting Information S1). This deepening
weakens the importance of thermocline feedback on SSTAs, diminishing the significance of the TP ENSO dynamic
on El Nifio after 1990. Therefore, after 1990, the TP ENSO dynamic relinquished its dominant position to the SP
ENSO dynamic in influencing El Nifio activities.

Another asymmetry in the evolution of El Nifio-La Nifia complexity is the heightened prevalence of MY La Nifia
events compared to MY EI Nifio events after 1990. As previously mentioned, the SP ENSO dynamic facilitates the
emergence of MY ENSO events. For a subsequent same-phase event to be triggered through this SP ENSO dy-
namic, a mature ENSO event needs to induce significant heating (precipitation) anomalies over the central tropical
Pacific, thereby exciting an atmospheric wave to the subtropical Pacific and triggering the SP ENSO dynamic
(Fang & Yu, 2020; Yu & Fang, 2018). We noticed that although the post-1990 El Nifio SSTAs over the central
tropical Pacific increased compared to the pre-1990 one (0.24°C—0.39°C; Table S3 in Supporting Information S1),
the precipitation anomalies during their peak season (ND°J') are nearly comparable (1.24 mm d~' and
1.46 mm d™'; Figures 4a and 4b; Table S3 in Supporting Information S1). This suggests that post-1990 El Nifio
exhibited decreased precipitation efficiency (5.22 mm d~'°C™' to 3.79 mm d~'°C™"; Table S3 in Supporting
Information S1), likely due to convective insensitivity once SSTs exceeded the threshold (Graham & Bar-
nett, 1987). This decreased tropical heating efficiency limited the second-year SP ENSO dynamic of post-1990 El
Niflo and therefore fewer MY events.

In contrast, the negative precipitation anomalies of La Niiia in the central tropical Pacific (Figures 4c and 4d)
intensified significantly after 1990 (—1.12mmd ™" to—1.91 mmd~"; Table S3 in Supporting Information S1). Unlike
El Niflo, the La Nifia SSTAs intensity in that region showed a slightly change between the two periods (—0.39°C to
—0.43°C; Table S3 in Supporting Information S1). Therefore, the post-1990 La Nifia exhibits higher precipitation
efficiency (2.90 mm d~'°C™" to 4.48 mm d~'°C™"; Table S3 in Supporting Information S1). The intensified pre-
cipitation response equips post-1990 La Nifia with greater capability to activate the SP ENSO dynamic, thus
facilitating the occurrence of MY events. The more likely SP ENSO dynamic, combined with its increased strength,
together contribute to the increased frequency of MY La Nifia events compared to the pre-1990 period.

LIET AL.

6 of 9

35UB017 suoWIWoD aAIea1)D) a|dedt|dde ay3 Aq pausenob afe sajonte YO ‘3sn Jo 3Nl 1oy A%eld 1 auluQ AS|IA UO (SUONIPUOD-pUR-SWIB)W0D AS| 1M ARe.q |pu1juo//:Sdny) SUOIIIPUOD pue swid | U3 88S *[7202/c0/02] Uo Akeigiauluo A1 ‘eAnde T-eqnopesy Aq S6E90T 19E202/620T 0T/I0p/wod A 1m- Azeld 1 jputjuo'sgndnbe//:sdny woly pepeolumod ‘9 ‘+20z ‘2008776T



As | .
M\I Geophysical Research Letters 10.1029/2023GL106395
(@) o o (®)
Precipitation anomalies induced by Precipitation anomalies induced by
pre-1990 El Nifio post-1990 El Nifo
10N
0t ' - '
NN
1 d
OS L) Ah ﬂ- L) L) = L) L) L) L) L) L) L) L) L)
120E 150E 180 150W 120W 90W 120E 150E 180 150W 120W 90W
() (d)
Precipitation anomalies induced by Precipitation anomalies induced by
pre-1990 La Nifa post-1990 La Nifia
10N 10N -
ot : okt AT :
10S Y 10S : :
v Ah h L] L] ~ L] L] L] v L] L] L] L] L]
120E 150E 180 150W 120W 90W 120E 150E 180 150W 120W 90W

BT T T [T
25 -2 -15 -1 -05

[ 1 1 T T T )
0 05 1 15 2 25 Precip(mmd™)

Figure 4. Composite precipitation anomalies in El Nifios during the (a) pre-1990 period and (b) post-1990 period. (c, d) As in (a, b), but for La Nifias. White dots indicate
significant precipitation anomalies at the 95% confidence level. Black boxes represent the central tropical Pacific region (8°S—8°N, 160°E—150°W) where the
precipitation and SST anomalies are calculated and listed in Table S3 in Supporting Information S1.

4. Summary and Discussion

In this study, we observed asymmetric changes in ENSO complexity in spatial pattern and temporal evolution
from 1950 to 2022. El Niflo shifted its spatial pattern westward from EP to CP type after 1990, while La Nifia
extended its temporal evolution, leading to more frequent MY events after 1990. ENSO dynamics accordingly
showed apparent changes around 1990, with the SP ENSO dynamic strengthened distinctively after 1990, while
the TP ENSO dynamic weakened slightly. The intensified SP ENSO dynamic played an important role in the
westward location shift of El Nifio, and increased the occurrence of MY La Nifia events together with the
intensified precipitation. Our findings highlight the necessity of separating El Nifio and La Nifia when examining
ENSO complexities and dynamics.

It is known that CP El Nifio usually manifests with lower intensity compared to the EP El Nifio. Given the
increased occurrence of CP El Nifio in the post-1990 period, one might expect a corresponding decrease in the
overall intensity of El Nifio. However, as shown in Figure 1f, there are no significant changes in El Nifio intensity
before and after 1990. The consistent mean intensity can be attributed to the occurrence of three extreme El Nifio
events (1982/83, 1997/98, 2015/16). Previous studies (e.g., Cai et al., 2014) argue that extreme El Nifio events
exhibit different ENSO dynamics from other El Nifios. If we repeat the Figure 1f analysis but exclude these three
extreme El Nifio events, the mean intensity of El Nifio decreases from 1.21°C in the pre-1990 period to 0.92°C in
the post-1990 period (Figure S10 in Supporting Information S1). After 1990, the dominated CP El Nifios did
exhibit lower intensity compared to the EP-dominated El Niifios observed before 1990.

There are several issues require further investigation. A noteworthy issue is the asymmetric trend in precipitation
efficiency between El Nifio and La Nifia before and after 1990. One possible explanation for this asymmetry could
be the increase in tropical convective threshold due to global warming. According to Johnson and Xie (2010),
there is an increasing trend of approximately 0.1°C/decade in the convective threshold in the tropics during the
period 1980-2010. In the present-day tropical central Pacific conditions, where mean SSTs can trigger deep
convection, local SSTs likely already surpass the convection threshold. During the post-1990 period, the
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presumed higher convective threshold value may facilitate La Nifia events in more easily reducing local SSTs
below the threshold, leading to a negative precipitation anomaly. In contrast, the pre-1990 period, presumed to
have a lower convective threshold, may limit the capability of La Nifia cooling to bring down local SSTs suf-
ficiently below the convective threshold, resulting in less pronounced negative precipitation anomalies compared
to the post-1990 period. As a result, La Nifia events might demonstrate an enhanced ability to induce negative
precipitation anomalies in the post-1990 period compared to the pre-1990 period, owing to the modified
convective threshold values. In contrast, El Nifio events elevate SSTs over the tropical central Pacific, which
already surpass the convective threshold. Consequently, the positive precipitation anomaly induced by El Nifio
events is expected to remain consistent before and after the 1990s. Therefore, there is no change in the precip-
itation efficiency produced by El Nifio events between these two periods.

Also, the specific reasons for ENSO complexities and dynamics changes around 1990 remained debated. Previous
studies linked causes to factors such as the Atlantic Meridional Oscillation (Lyu et al., 2017; Yu et al., 2015),
North Atlantic Oscillation (Ding et al., 2023), global warming (Ashok et al., 2007; Yeh et al., 2009), or even
deforestation in the Maritime Continent (Lee et al., 2023). However, further studies are required for compre-
hensive understanding of the underlying causes.

Data Availability Statement

The Hadley Center Sea Ice and SST data is available at Rayner et al. (2003). The National Centers for Envi-
ronmental Prediction/National Center for Atmospheric Research Reanalysis 1 data are available at Kalnay
et al. (1996). The Ocean Reanalysis System 4 data is available at Balmaseda et al. (2013). The Institute of At-
mospheric Physics subsurface temperature data is available at Cheng et al. (2017). The NPMM indices are
available at Chiang and Vimont (2004).
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