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Abstract This study investigates boreal spring events of Pacific Meridional Mode (PMM) from 1950 to

2022, revealing that cold PMM is more effective in triggering subsequent La Niña compared to warm PMM's

induction of following El Niño. This asymmetry stems from the varying origins and sub‐efficacies of PMM

groups. The cold PMM is primarily initiated by pre‐existing La Niña, while the warm PMM is comparably

activated by pre‐existing El Niño and internal atmospheric dynamics. PMMs initiated by pre‐existing El Niño or

La Niña play a crucial role in determining the efficacies of PMMs in triggering subsequent El Niño‐Southern

Oscillation (ENSO). The strong discharge of pre‐existing El Niño hampers warm PMM's induction of

subsequent El Niño, whereas weak recharge from pre‐existing La Niña enhances the efficacy of cold PMM in

inducing subsequent La Niña. Comprehending not only the PMM phase but also its origin is crucial for ENSO

research and prediction.

Plain Language Summary This study investigated the efficacies of warm and cold Pacific

Meridional Mode (PMM) events in triggering El Niño and La Niña events from 1950 to 2022. Contrary to

previous beliefs, the research concludes that cold PMM are more adept at inducing La Niña. The varying

efficacies are linked to the fact that cold PMM are primarily initiated by preceding La Niña occurrences, while

warm PMM are comparably activated by the subtropical atmospheric internal dynamics and previous El Niño

events. Due to the weaker ocean heat content recharge associated with pre‐existing La Niña compared to the

discharge associated with pre‐existing El Niño, La Niña‐induced cold PMM encounters less competition from

tropical discharge‐recharge processes in inducing a subsequent La Niña. In contrast, El Niño‐activated warm

PMM faces stronger competition in inducing an El Niño. Consequently, the distinct origins of cold and warm

PMM phases, along with their competition with tropical discharge‐recharge processes, contribute to their

respective efficacies in inducing El Niño and La Niña.

1. Introduction
The Pacific Meridional Mode (PMM) originating from the North Pacific Ocean (Chiang & Vimont, 2004) has

been recognized as an effective precursor to El Niño‐Southern Oscillation (ENSO) events (Wang et al., 2017;

Yang et al., 2018), providing the potential for predicting ENSO occurrence up to nine months in advance (Chang

et al., 2007; Larson and Kirtman, 2014). The PMM typically reaches its peak during boreal spring (Meng &

Li, 2023). Its warm and cold phases are characterized by respective warm and cold sea surface temperature

anomalies (SSTAs) extending from Baja California toward the central equatorial region, accompanied by

anomalous southwesterly and northeasterly winds overhead. Warm PMM usually precede subsequent El Niño,

while cold PMM lead to La Niña through either a seasonal footprinting mechanism (Vimont et al., 2001, 2003),

gradually propagating SSTAs and surface wind anomalies from the subtropic Pacific into the tropics, or a trade

wind charge mechanism (Anderson et al., 2013), transporting subsurface water into the tropics.

The PMM is considered critically important for the formation of Central Pacific (CP) ENSO (Yu et al., 2010; Yu

& Kim, 2011) and multi‐year ENSO (Ding et al., 2022; Fang & Yu, 2020a, 2020b). The PMM plays a crucial role

in promoting the development of CP ENSO due to its northeast‐southwest spatial orientation, which is partic-

ularly effective in generating SSTAs toward the central equatorial Pacific (Yu et al., 2010; Yu & Kim, 2011). CP

ENSO, in turn, can activate another PMM by triggering atmospheric wavetrains that propagate from the tropical
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PMMs attributed to that group. Both total efficacy and sub‐efficacy are

expressed as values ranging from 0.0 to 1.0, while the percentage spans from

0.0% to 100.0%.

3. Results
3.1. Asymmetric Efficacies Between Warm and Cold PMMs and
Linkages to Their Asymmetric Origins and Sub‐Efficacies

Figure 1a illustrates the time series of the boreal spring (MAM0) PMM index

alongside the subsequent winter (ND0J1) Niño3.4 index. In this study, the

superscript “0” denotes the developing year of the PMM, the superscript “1”

represents the following year, and the superscript “–1” represents the previous

year. Overall, a noticeable tendency exists for the PMM and Niño3.4 indices

to co‐vary. Their positive linear correlation (R = 0.37) proves statistically

significant at a 99% confidence level, aligning with the prior research that the

PMM acts as a precursor to ENSO occurring several months later (Chang

et al., 2007; Larson & Kirtman, 2014). Analyzing 24 warm PMMs and 21

cold PMM events spanning 1950–2022, we observed that 13 out of the 21

cold PMM events were succeeded by a La Niña, outnumbering the 10 out of

24 warm PMM events that led to an El Niño. This underscores a 0.62 efficacy

for cold PMM in linking to subsequent La Niña, contrasting with a 0.42 ef-

ficacy for warm PMM in linking to subsequent El Niño, thereby exposing a

significant asymmetry between the efficacies of warm and cold PMMs. To

validate this finding, we utilized alternative indices, namely the PMM Wind

index and the PMM area‐averaged index, to re‐identify warm and cold PMM

events. The recalculated efficacies for both alternative PMM indices

consistently showed a robust higher efficacy for cold PMM in inducing La

Niña (0.68 vs. 0.54 and 0.65 vs. 0.40; see Figures S1 and S2 in Supporting

Information S1) compared to warm PMM inducing El Niño.

We find that the asymmetric efficacies between warm and cold PMMs stem

from two sources: the differing origins of these PMMs and the varying sub‐

efficacies associated with each origin group. To demonstrate the first source,

we categorized the 24 warm and 21 cold PMM events into three groups based

on their origins (Table S1 in Supporting Information S1 and Figure 1b). These groups are delineated by the ENSO

conditions in the preceding winter (ND−1 J0) of the PMM. Specifically, we identified PMM events preceded by El

Niño (“EN”) as EN‐induced, those preceded by La Niña (“LN”) as LN‐induced, and those occurring under ENSO

neutral condition (“NT”) as NT‐induced. Our classification reveals that warm PMM events are comparably

activated by both El Niño (10 cases, 41.7%) and atmospheric internal dynamics (12 cases, 50.0%), with only a

minor proportion induced by La Niña (2 cases, 8.3%). In contrast, cold PMM events predominantly belong to the

LN‐induced group (16 cases, 76.2%), followed by the EN‐induced group (4 cases, 19.0%), and a minimal fraction

associated with the internal dynamics group (1 case, 4.8%).

Fang and Yu (2020a) have already explained why El Niño and La Niña can activate PMM events. They suggested

that CP ENSO in the tropical central Pacific play a key role in activating corresponding phases of PMM events.

During a CP El Niño (La Niña), anomalous heating (cooling) in the tropical central Pacific induces a Gill‐type

atmospheric response, resulting in abnormal southwesterly (northeasterly) winds over the extratropical North

Pacific. These anomalous winds, in turn, trigger a warm (cold) phase of the PMM. Fang and Yu (2020a) also

suggested that ENSO in the tropical eastern Pacific (i.e., the EP ENSO) can activate an out‐of‐phase PMM. An EP

El Niño activates a cold phase of the PMM, in contrast to the warm PMM activated by a CP El Niño. This

distinction arises from the further eastward location of the anomalous heating induced by the EP El Niño.

Consequently, its Gill response in the atmosphere produces anomalous northeasterly winds over the extratropical

North Pacific, leading to the activation of a cold PMM. Conversely, the La Niña over the tropical eastern Pacific

can activate a warm PMM. Consistent with Fang and Yu (2020a), we observed that the El Niño preceding the

warm PMM (Figure 2a) and the La Niña preceding the cold PMM (Figure 2b) both exhibit a composite SSTA

Figure 1. (a) Time series of boreal spring (MAM0) PMM index (solid‐black

line) and the following winter (ND0J1) Niño3.4 index (dash‐gray line). Solid

red (blue) circles indicate warm (cold) PMM events, while hollow red (blue)

circles represent El Niño (La Niña) events. (b) Percentages of warm and cold

PMM events preceded by El Niño (EN; red bar), Neutral (NT; gray bar), and

La Niña (LN; blue bar) conditions in the previous winter (ND−1 J0).
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pattern resembling the CP ENSO, with the SSTA center west of 150°W. The

composite SSTAs are concentrated in the tropical central Pacific, extending

northeastward toward Baja California (Figure 2; Kao & Yu, 2009). In

contrast, the El Niño preceding the cold PMM (Figure S3a in Supporting

Information S1) and the La Niña preceding the warm PMM (Figure S3b in

Supporting Information S1) both exhibit a composite SSTA pattern remi-

niscent of the EP ENSO, characterized by significant SSTAs spanning from

the tropical eastern Pacific to the tropical central Pacific.

Why does the cold PMM exhibit a notably higher proportion of the LN‐

induced origin group compared to the warm PMM's proportion of the EN‐

induced origin group? There are two potential explanations. First, La Niña

tend to be predominantly of the CP type, whereas El Niño were primarily of

the EP type in the 20th century but have shifted to a predominance of the CP

type since the 1990s (Capotondi et al., 2015; Chen et al., 2019; Li et al., 2024).

This higher frequency of CP La Niña compared to CP El Niño during our

analysis period serves as the first potential explanation for the asymmetric

origins between the warm and cold PMMs. Second, CP La Niña and CP El

Niño exhibit differential effectiveness in activating the cold and warm PMMs.

Fang and Yu (2020a) demonstrated that CP La Niña can induce a stronger

atmospheric Gill response, effectively triggering the cold PMM. Conversely,

CP El Niño are less effective in eliciting the necessary Gill response to

activate the warm PMMs. This disparity arises from the tropical central Pa-

cific having a background mean SST value close to and slightly above the

threshold SST value for deep convection (about 28°C). The cooling associ-

ated with a La Niña can drop the local SST below this threshold to shut down

the deep convection, resulting in an anomalous cooling much larger than the

anomalous heating produced by the warming associated with a comparable

intensity of El Niño. Their suggestion is supported by the composite pre-

cipitation anomalies for the EN‐induced warm PMM and LN‐induced cold

PMM groups (Figure 2). In the figure, the negative precipitation anomalies

over the tropical central Pacific in the LN‐induced group of cold PMM are

stronger than the positive precipitation anomalies in the EN‐induced warm

PMM group.

We now focus on the second source explaining the asymmetric efficacies between warm and cold PMMs in

inducing ENSOs. As mentioned earlier, this source is related to the varying sub‐efficacies associated with the

origin groups of warm and cold PMMs. As detailed in Section 2.2, the efficacy of warm or cold PMMs is

determined by the cumulative sub‐efficacy of each of their three origin groups, weighted by the percentage of that

group in the total number of warm or cold PMMs. The sub‐efficacy is calculated as the ratio of warm (cold) PMM

events in each origin group followed by an El Niño (La Niña) in the subsequent winter. Figure 3a reveals that

while warm PMM consists of EN‐induced and NT‐induced groups in comparable proportions (41.7% and 50.0%),

the EN‐induced group exhibits an unusually low sub‐efficacy (0.20) in inducing El Niño compared to the higher

sub‐efficacy of the NT‐induced group (0.50). The diminished sub‐efficacy observed in the EN‐induced PMM

group constitutes the primary factor contributing to the overall lower efficacy of warm PMM. As depicted in

Figure 3c, despite constituting 41.7% of warm PMM events, the EN‐induced group contributes only 0.08 to the

total efficacy of 0.42. The LN‐induced group, while having a sub‐efficacy (0.50) comparable to the NT‐induced

group (0.58), constitutes only a minor percentage (8.3%) of warm PMMs and does not significantly impact the

total efficacy of warm PMM. For cold PMM (Figure 3b), the dominant LN‐induced group (76.2%) exhibits a sub‐

efficacy of 0.69. The remarkably high sub‐efficacy and its strong dominance in the LN‐induced group are the

primary contributors to the overall higher efficacy of cold PMMs. This group contributes 0.52 to the total efficacy

of 0.62 for cold PMMs (Figure 3d), while the contributions from the other two origin groups are minimal.

In summary, the significant asymmetry between the higher efficacy of cold PMM in inducing La Niña and the

lower efficacy of warm PMM in inducing El Niño can be attributed primarily to the unusually low sub‐efficacy of

EN‐induced warm PMM events and the abnormally high sub‐efficacy of LN‐induced cold PMM events. The

Figure 2. Composite SSTAs (shading; °C) and precipitation anomalies

(contour; green lines for positive values and brown lines for negative values,

each with a 1 mm/day interval) during (a) the El Niño events that induce

warm PMM events and during (b) the La Niña events that induce cold PMM

events. Dots represent the SSTAs that are significant at a 95% confidence

level.
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cause for the different sub‐efficacies between these two PMM groups is related to the varying competitions

among these PMMs, with the discharged‐recharged states left over from the preceding El Niño and La Niña

events that activated the PMMs. We demonstrate this competition in detail in the next section.

3.2. Competition of PMM With Tropical Discharge‐Recharge Processes

The discharge (recharge) process linked to El Niño (La Niña) typically depletes (accumulates) OHC in the

tropical Pacific, favoring the development of the opposite condition in the following year. Both EN‐ and LN‐

induced PMM events must contend with the residual discharge/recharge states from preceding ENSO events

to influence the likelihood of triggering an ENSO event in the subsequent winter. Examining the changes in SST,

850 hPa wind, and upper‐300 m OHC anomalies from the year preceding the PMM to the PMM year across these

two groups of PMM events reveals contrasting discharge‐recharge patterns (Figures S4 and S5 in Supporting

Information S1). Specifically, the OHC anomalies shift to a negative phase for EN‐induced warm PMM in

MAM0, indicating discharge from the preceding El Niño, while they remain negative for LN‐induced cold PMM.

This OHC asymmetry is clearer when summing the composite OHC anomalies between these PMM groups along

the equatorial Pacific (5°S–5°N) during MAM0 (Figure 4). The overall negative summation suggests a stronger

OHC discharge from the preceding El Niño for EN‐induced warm PMM compared to the OHC recharge from the

preceding La Niña for LN‐induced cold PMM. The EN‐induced warm PMM has to compete with stronger

Figure 3. (a) Sub‐efficacies of the three groups of warm PMM (i.e., the EN‐induced group, NT‐induced group, and LN‐

induced group) in triggering subsequent El Niño. Panel (b) same as (a), but for the three groups of cold PMM in triggering La

Niña. Black numbers on the top of the bars represent the sub‐efficacy of each group, while the numbers on the x‐axis labels
are the percentage of that group in accounting for the total number of warm or cold PMM events (same as those shown in

Figure 1b). (c) Respective contributions of each group to the total efficacy of warm PMM, calculated by multiplying their

sub‐efficacies and the number percentages. (d) Same as (c), but for cold PMM. In (a)–(d), the x‐axis always represents
different groups, with “El Niño” representing the EN‐induced group, “Neutral” representing the NT‐induced group, and “La

Niña” representing the LN‐induced group.
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discharged OHC to induce El Niño, while the LN‐induced cold PMM faces weaker competition to induce La

Niña. Consequently, LN‐induced cold PMM is more effective in inducing La Niña (see Figures S5e–S5h in

Supporting Information S1), whereas EN‐induced warm PMM faces challenges inducing El Niño due to

competition from stronger discharged OHC (see Figures S4e–S4h in Supporting Information S1). This asym-

metric strength in OHC anomalies is a key reason why the LN‐induced cold PMM is more capable of inducing La

Niña than the EN‐induced warm PMM in inducing El Niño.

Why does the El Niño preceding the warm PMM result in a stronger discharge of the OHC state than the recharge

OHC state produced by the La Niña preceding the cold PMM? To answer this question, we compared the

evolution of mean OHC anomalies between these two PMM groups in Figure 4b. These anomalies are hori-

zontally averaged between 5°S–5°N and 120°E–80°W and vertically averaged from 0 to 300 m. Consistent with

Figure 4a, we observed that during the MAM0 season, the mean OHC state for the EN‐induced warm PMM has

already been depleted to a negative anomaly (−0.03°C), while the OHC state in the LN‐induced cold PMM group

remains strongly negative (−0.14°C) (Figure 4b). Both groups exhibit peaked mean OHC anomalies in the

preceding October. Subsequently, the El Niño group discharged rapidly toward MAM0, wiping out the peak

positive OHC anomalies, whereas the recharging of the La Niña proceeded slowly toward the MAM0 season,

leaving the OHC still negative. Previous studies have already noted this asymmetric discharge/recharge feature

between El Niño and La Niña, attributing it to factors such as stronger typical El Niño intensities compared to La

Niña (Burgers & Stephenson, 1999; Deser & Wallace, 1987; Jin et al., 2003), the more eastward location of El

Niño compared to La Niña (Okumura & Deser, 2010), and their different meridional widths (Hu et al., 2017).

Another factor that also contributes to the asymmetric efficacies of the EN‐induced warm PMM and LN‐induced

cold PMM is their different intensities. LN‐induced cold PMM tends to be stronger, with a mean value of −1.22
standard deviations compared to 1.08 standard deviations for EN‐induced warm PMM. This intensity asymmetry

allows LN‐induced cold PMM to exert a greater impact on the tropical Pacific, leading to uneven efficacy be-

tween the two types of ENSO‐induced PMM events. This observation aligns with previous research by Fan

et al. (2023a, 2023b), which identified a negative skewness between ENSO‐induced cold and warm phases of

PMM events.

4. Summary and Discussion
This study discovered that cold PMM is more effective in triggering La Niña, contrary to previous beliefs favoring

warm PMM's influence on El Niño. This efficacy asymmetry stems from differences in sub‐efficacies within

ENSO‐induced PMM groups rather than those generated by atmospheric internal dynamics. Specifically, the

disparity is most pronounced between EN‐induced warm PMM and LN‐induced cold PMM, with the former

showing low sub‐efficacy and the latter exhibiting high sub‐efficacy. This discrepancy is mainly due to EN‐

induced weak warm PMM contending with a stronger discharged OHC state in the equatorial Pacific

following the preceding El Niño, while the competitive effect is weaker for strong cold PMM, enabling it to

Figure 4. (a) Summation of the composite ocean temperature anomalies of EN‐induced warm PMM and LN‐induced cold PMM along the equatorial (5°S–5°N) Pacific

during MAM0. Black line indicates the climatology thermocline depth (represented by the depth of the 20°C isotherm). (b) Composite evolution of mean OHC

anomalies (horizontally averaged between 5°S–5°N and 120°E–80°W and vertically averaged from 0 to 300 m) from the preceding year to the developing year of the

EN‐induced warm PMM (red solid line) and LN‐induced cold PMM (blue solid line). For comparison, the evolution of LN‐induced cold PMM is multiplied by −1 and
replicated as a blue dashed line. Vertical black dashed line indicate the MAM0 season.
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