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Abstract

Numerous studies have demonstrated that the Pacific Meridional Mode (PMM) plays a vital role in determining El Niño-

Southern Oscillation (ENSO) events in the following winter season. However, little attention has been given to significant

differences among the spatial patterns of the PMM. Here we show that the PMM exhibits a large diversity in spatial patterns,

leading to distinct impacts on ENSO. Based on objective clustering analysis, two distinct spatial patterns of the PMM are

detected. Cluster 1 (C1) PMM exhibits a strong sea surface temperature dipole over the subtropical eastern Pacific and mid-

latitude central Pacific whereas cluster 2 (C2) features a classic dipole over the subtropical eastern Pacific and equatorial cold

tongue regions. We find that the C1 PMM is strongly linked to ENSO events while the C2 PMM has no statistically significant

relations with following ENSO. This gives new implications for ENSO dynamics and predictions.
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Key points: 12 

 The Pacific Meridional Mode has strong spatial diversity that can be separated into two 13 

groups 14 

 These two types of the spring PMM have distinct impacts on ENSO events in the 15 

following winter 16 

 We suggest an optimal pattern of the spring PMM for ENSO prediction 17 

 18 
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Abstract 19 

Numerous studies have demonstrated that the Pacific Meridional Mode (PMM) plays a vital role 20 

in determining El Niño-Southern Oscillation (ENSO) events in the following winter season. 21 

However, little attention has been given to significant differences among the spatial patterns of 22 

the PMM. Here we show that the PMM exhibits a large diversity in spatial patterns, leading to 23 

distinct impacts on ENSO. Based on objective clustering analysis, two distinct spatial patterns of 24 

PMM are detected. Cluster 1 (C1) PMM exhibits a strong sea surface temperature dipole over the 25 

subtropical eastern Pacific and mid-latitude central Pacific whereas cluster 2 (C2) features a 26 

dipole over the subtropical eastern Pacific and equatorial cold tongue region. We find that the C1 27 

PMM is strongly linked to ENSO events while the C2 PMM has no statistically significant 28 

relations with following ENSO. This gives new implications for ENSO dynamics and predictions. 29 

Key words: PMM diversity, cluster, ENSO 30 

 31 
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1 Introduction 33 

The North Pacific Meridional Mode (PMM) is characterized by an anomalous meridional 34 

sea surface temperature (SST) gradient coupled with anomalous winds from a cold to warm flank 35 

over the eastern North Pacific (ENP; Amaya, 2019; Chiang & Vimont, 2004; Vimont et al., 36 

2003). Previous studies (Chang et al., 2007; Yu & Kim, 2011) have summarized that spring 37 

PMM events can trigger the following El Niño-Southern Oscillation (ENSO); the PMM is thus 38 

considered a crucial precursor for the prediction of ENSO events. 39 

Numerous works have focused on the origin of the PMM and its impact on ENSO, as well 40 

as understanding the interactions between them. A branch of the PMM SST warming off coastal 41 

California in spring can enhance subtropical convection over the ENP, which can in turn induce 42 

westerly anomalies. Wind anomalies associated with this region are further attributed to the 43 

warming and southwestward extension of SSTs in the following seasons via the wind-44 

evaporation-SST (WES) mechanism (Xie & Philander, 1994) and thereby trigger El Niño events 45 

through positive feedbacks over the equatorial Pacific. A seasonal foot-printing mechanism (SFM) 46 

was proposed by Vimont et al. (2001, 2003) to explain the potential influence of the North 47 

Pacific Oscillation (NPO; Rogers, 1981) on ENSO events. The NPO can induce anomalous SSTs 48 

over the subtropical North Pacific by affecting latent heat fluxes. Previous studies (Kao & Yu, 49 

2009; Yu et al., 2010) have argued that SST anomalies induced by the SFM resemble the pattern 50 

of the PMM SST. These two extratropical SST patterns have therefore been treated as key players 51 

in linking the extratropical Pacific to ENSO.  52 

More recently, PMM has also been considered as a crucial factor to induce ENSO 53 

diversity (Yu et al., 2010, 2017; Yang et al., 2018). Stuecker (2018) found that the PMM and 54 

central Pacific (CP) ENSO can excite mutually, implying a positive feedback between these two 55 

phenomena. Yu & Fang (2018) recently proposed that the SFM could significantly contribute to 56 
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central Paicific ENSO events while the charge–discharge mechanism has a greater influence on 57 

conventional ENSO events. The SFM contributes to SST anomalies over the subtropical ENP 58 

while the charge–discharge mechanism modulates SST anomalies over the cold tongue (CT) 59 

region, where the SST anomalies of the PMM show significant varibility. The connection 60 

between these anomalies and both conventional and CP ENSO events also implies spatial 61 

differences in anomalous PMM SST patterns. 62 

Although previous studies have documented possible physical processes of the PMM in 63 

exciting ENSO events, it has been seldom discussed how efficiently the PMM can induce ENSO 64 

events. Park et al. (2013) showed that only 5 positive events among 12 were linked to El Niño 65 

events in the following year and argued that the spatial pattern of the NPO might be a critical 66 

parameter for controlling the evolution of ENSO. We noted from their study that the PMM 67 

patterns shown are visibly different between the two groups. As shown in Figure 1a, we found 68 

that approximately 40% (13) of all PMM events (33) are strongly related to ENSO events. By 69 

further tracking these two groups of PMM events, we found that the main differences were 70 

concentrated on their anomalous SST patterns (Fig. 1d and 1f), which may lead to different roles 71 

in inducing ENSO events. Previous studies have shown the ubiquity of diversity in ENSO 72 

(Ashok et al., 2007; Kug et al., 2009; Yeh et al., 2009; Wang et al. 2019a) and the Madden Julian 73 

Oscillation (Wang et al. 2019b). The PMM could also exhibit diversity in its spatial patterns, 74 

which would further result in distinct behavior affecting the ENSO events.  75 

Here, we propose a method to objectively delineate the diversity of the PMM and its 76 

impact on ENSO events. The reanalysis datasets and clustering method used to classify PMM 77 

events in this study are introduced in Section 2. The diversity of PMM and its impacts on ENSO 78 

are described in Section 3. A brief summary and discussion is presented in Section 4. 79 
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2 Data and Methodology 80 

Extended Reconstructed SST version 5 (ERSST.v5; Huang et al., 2017) data were 81 

downloaded from the National Oceanic and Atmospheric Administration with a horizontal 82 

resolution of 2º for the 1951-2018 period. Atmospheric circulation data with a 2.5º×2.5º 83 

horizontal resolution, including sea level pressure (SLP) and winds at 850 hPa for the same 84 

period were downloaded from National Centers for Environmental Prediction/National Centers 85 

for Atmospheric Research reanalysis version I (NCEP/NCAR V1; Kalnay et al., 1996). 86 

The raw PMM was download from the University of Wisconsin-Madison 87 

(http://www.aos.wisc.edu/~dvimont/MModes/RealTime/PMM.RAW.txt), which contains both 88 

interannual and interdecadal variabilities (Liu et al., 2019). A fast Fourier transform method is 89 

used to filter out decadal variability (> 10 years) from both the reanalysis data and the PMM 90 

index. We confirmed that the results of the cluster analysis were not significantly changed when 91 

applied to non-filtered data. To exclude the impact of previous ENSO events on the spring 92 

(February-May averaged; FMAM) PMM event, we linearly removed the previous November-93 

December-January (NDJ) ENSO (Nino3.4; 5ºS-5ºN, 120ºW-170ºW) signal from the PMM time 94 

series as in Ashok et al. (2007). We also tested the removal of simultaneous ENSO signals, 95 

finding that the result was consistent (Fig. S1). 96 

An objective K-Means clustering method (Wang et al., 2019a, b; Wilks, 2011) was used to 97 

classify diverse PMM patterns. Firstly, we linearly removed the previous NDJ Nino3.4 signal 98 

from FMAM SSTs. Secondly, 33 PMM events were selected based on a criterion of ±0.7 99 

standard deviation of the filtered FMAM PMM index and all negative PMM events were 100 

transformed to positive ones such that we were not required to separate positive and negative 101 

PMM events into two groups, allowing us instead to focus on pattern diversity. Thirdly, SSTs 102 

over a fixed domain (20ºS-40ºN, 150ºE-60ºW) were selected and fed into a clustering model 103 

http://www.aos.wisc.edu/~dvimont/MModes/RealTime/PMM.RAW.txt
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using squared Euclidean distance to measure the similarity between each cluster member and the 104 

corresponding cluster centroid. The silhouette criterion, whose value varies from -1 to 1, was 105 

utilized to assess the skill of cluster analysis. A high silhouette value implies that the member has 106 

a high similarity with its own cluster but a lower similarity with its neighboring clusters 107 

(Kaufman & Rousseeuw, 2009). 108 

3 Results 109 

Previous studies have documented a statistically significant correlation between the spring 110 

PMM and the following winter ENSO index (Anderson, 2003, 2007; Larson & Kirtman, 2014). 111 

Figure 1a shows the spring PMM and the following winter Nino3.4 indices with interdecadal 112 

variability removed. The correlation is 0.28 for the period 1951-2018 and 0.45 for the period 113 

1979-2018, both exceeding 95% confidence levels. The significant lag correlation indicates that 114 

the PMM is probably a good predictor of ENSO events. However, we evaluated 33 PMM events 115 

with amplitudes greater than 0.7 standard deviation and found that 13 cases (6 positive and 7 116 

negative cases marked with green bars in Figure 1a) corresponded to respective ENSO events, 117 

whereas the other 20 cases (10 positive and 10 negative in red bars) were not directly related to 118 

ENSO (Fig. 1a). This indicates that some PMM events are strongly related to ENSO but others 119 

did not lead to the triggering of ENSO, implying the PMM-ENSO relationship is diverse. 120 

Furthermore, we studied composites of spring and winter SST anomalies for these 33 cases (Fig. 121 

1b-1g). The spring PMM events show a clear tripole SST pattern with large anomalies centered 122 

over the southern CT, ENP and central North Pacific regions (Fig. 1b), but the following ENSO 123 

signal is weak (Fig. 1c).  124 

To clarify the relationship between PMM and ENSO, we conducted a composite analysis 125 

by dividing PMM events into two groups: the first group is strongly related to ENSO events (blue 126 
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bars) and the second is not (red bars; Fig. 1d-1g). An important feature shown is the significant 127 

difference in spring PMM patterns between the two groups (Fig. 1d and 1f). When the positive 128 

PMM precedes El Niño, the SST anomalies in spring show a clear dipole pattern in the northern 129 

subtropical region but insignificant negative SST anomalies over the CT region (Fig. 1d). While 130 

the PMM is not linked to ENSO development, the SST pattern shows an interhemispheric dipole 131 

over the eastern Pacific. In addition, subtropical positive SST anomalies in Figure 1d extend to 132 

the southwest as far as the equator over the CP, but negative SST anomalies are dominant over 133 

the CT region in Figure 1f, mainly over the southeastern Pacific Ocean.  134 

Abovementioned different SST patterns suggest potential spatial diversity in the PMM, 135 

which could further lead to distinct impacts on ENSO events (Fig. 1e and 1g). To validate our 136 

hypothesis and justify the corresponding analysis, a K-Means clustering method was utilized to 137 

objectively classify 33 PMM events into 2 clusters. The composites of the PMM events for the 138 

two clusters are shown in Figure 2, with different clusters displayed in the left and right panels. 139 

Cluster 1 (C1) positive PMM events in Figure 2a are characterized by significant positive SST 140 

anomalies elongated from the CP to the subtropical ENP and negative SST anomalies over the 141 

subtropical CP region. C1 SST anomalies correspond to significant equatorial westerly anomalies 142 

in the CP and easterly anomalies in the CT regions (Fig. 2a). Similarly, negative C1 events show 143 

a strong negative SST anomaly extending from the CP to subtropical ENP, coupled with 144 

significant equatorial easterly wind anomalies in the central-western Pacific, and a positive SST 145 

anomaly in the subtropical North Pacific (Fig. 2b). However, the spatial pattern of cluster 2 (C2) 146 

PMM events (Fig. 2d and 2f) is distinct from that of C1. C2 PMM events feature a hemispheric 147 

dipole of SST anomalies over the southern tropical and northern subtropical eastern Pacific (Fig. 148 

2d and 2f). Due to the development of strong SST anomalies over the CT region, easterly 149 
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anomalies are dominant over the whole equatorial Pacific during positive phases while westerly 150 

anomalies during negative phases. These are clearly distinguished from their respective 151 

anomalous convergent and divergent patterns in C1 events (Fig. 2a and 2b).  152 

Based on the different spatial patterns of these two types of PMM events, we refer to C1 as the 153 

western PMM (WPMM) and C2 as the eastern PMM (EPMM) events. The silhouette values of 154 

C1 and C2 PMM events are shown in Figure 2c and 2f with positive and negative PMM cases 155 

marked in red and blue, respectively. The silhouette values of C1 are, on average, higher than 156 

those of C2, indicating that the C1 shows a higher degree of “similarity” and that the spatial 157 

patterns of positive and negative WPMM events are more symmetric than the EPMM events. It is 158 

worth noting that 5 El Niño events occurred in positive WPMM years where only one event 159 

followed a positive EPMM phase. Moreover, only one La Niña event was involved in a positive 160 

WPMM phase (Fig. S2a and Table S1) and no false alarms for El Niño events were observed 161 

during our studying period, indicating that WPMM events are a better precursor for predicting 162 

ENSO events.  163 

Table S1 gives the details of ENSO events related to the PMM. Five of the seven positive C1 164 

events were clearly linked to the occurrence of El Niño and four of the eight negative C1 events 165 

were related to La Niña; each individual PMM case is shown in Figure S2. However, only one 166 

positive EPMM event out of the nine cases studied was followed by an El Niño event, whereas 167 

three of the nine negative EPMM events were followed by La Niña. It was also noted that the 168 

positive EPMM event followed by an El Niño case corresponded to the only negative silhouette 169 

value in C2 (Fig. 2f), meaning that this event was not a conventional EPMM event pattern. 170 

Furthermore, 2 positive EPMM and 3 negative EPMM events were even followed by La Niña 171 

and El Niño events, respectively, indicating false (or opposite) alarms. These results suggest that 172 
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relationships between PMM and ENSO are highly dependent on the pattern of the PMM.  173 

  Figure 3 shows the NDJ SST and 850 hPa wind anomalies corresponding to positive and 174 

negative PMM events for two clusters. As expected from Table S1, the central-eastern Pacific is 175 

covered by strong SST anomalies with prevailing westerly anomalies during the positive phase of 176 

WPMM. The positive SST and westerly wind anomalies gradually developed from the CP with 177 

strong off-equatorial signals during the developing phase (Fig. S3a). However, EPMM events do 178 

not show any significant SST anomalies in the following winter (Fig. 3c and 3d), since strong 179 

negative SST anomalies exist during May-June-July (Fig. S3c). Similarly, negative WPMM 180 

events are followed by negative SST anomalies in the central and eastern Pacific with easterly 181 

anomalies (Fig. S3b). It is also found that SST anomalies are more significant in the equatorial 182 

CP. Yu and Fang (2018) previously suggested that PMM events are more closely related to the 183 

development of CP SST anomalies than eastern Pacific SST anomalies, however, EPMM events 184 

do not show a strong signal in the equatorial CP.  185 

The strong linkage of WPMM to ENSO development can be explained by its pattern in 186 

the equatorial western Pacific. As shown in Figure 3a, strong westerlies prevail in the western 187 

Pacific. Since these westerlies are accompanied by positive equatorial CP SSTs, they can persist 188 

and be intensified via strong air-sea interactions. The western Pacific westerlies induce 189 

downwelling Kelvin waves, which play a role in recharging heat content in the central and 190 

eastern Pacific (Kug et al. 2010). In addition, these low-frequency westerly anomalies provide a 191 

preferable condition for easterly vertical shear of strong westerly wind events (Kug et al., 2009, 192 

2010; Sooraj et al., 2009), a typical pattern of El Niño onset. Therefore, they evolve into a typical 193 

El Niño pattern in the following summer and develop further until the end of the calendar year 194 

(Fig. 3). However, positive SST anomalies resulting from the positive EPMM are confined to the 195 
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off-equatorial Pacific (Fig. 2d), which cannot trigger coupled equatorial patterns such as 196 

equatorial westerlies and positive CP SST anomaly (Fig. 3c). Without the equatorial western 197 

Pacific signals, El Niño tends not to develop. In addition, the prevailing negative SST anomalies 198 

and their associated easterlies in the eastern Pacific may play a counteracting role in El Niño 199 

development. Consequently, EPMM events are significantly related to El Niño development.  200 

It is well known that the PMM is a useful predictor for ENSO, but PMM events are not 201 

always followed by ENSO development, suggesting the existence of some false alarms. Thus far, 202 

we showed that there is a preferable pattern of PMM for ENSO development. Our finding 203 

suggests that false alarms from PMM information can be reduced if we considered the pattern 204 

diversity of the PMM. Following previous methods (Kug et al., 2007; Zhu et al., 2015), we 205 

attempted to reconstruct the PMM index based on the two types of spatial SST patterns and 206 

comparison with the original PMM index. These new PMM indices depending on PMM diversity 207 

are calculated by projecting the C1 and C2 SST patterns shown in Figure 2 into SST anomalies 208 

each year (FMAM), and refer to WPMM and EPMM indices, respectively. The correlation 209 

coefficient between the ENSO indices and the original PMM index is 0.28 (Fig. 4a); although this 210 

is significant, it is difficult to use for prediction. Out of the 33 PMM events defined based on the 211 

original PMM events, 13 cases resulted in ENSO development while another 6 PMM events (3 212 

positive and 3 negative cases) were followed by the opposite phases of ENSO. Furthermore, the 213 

last 14 PMM events were not linked to ENSO events. Using WPMM events, the correlation 214 

increases significantly, reaching 0.64 between the WPMM and ENSO indices (Fig. 4b). We 215 

found that WPMM captures 17 ENSO events among the 27 studied WPMM events (14 positive 216 

and 13 negative cases) based on 0.7 standard deviation. In detail, 71.4% of positive WPMM 217 

events (10 cases) eventually induce El Niño and 53.8% of negative PMM events (7 cases) lead to 218 
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La Niña, indicating that the hit rate is 63% on average, which is higher than the 39.4% based on 219 

the original PMM index. Moreover, WPMM contains only 2 false alarms among the 27 events, 220 

which is an improvement relative to the 6 false alarms in the original PMM events. Furthermore, 221 

we also reconstructed the PMM index based on C2 SST patterns, finding that the correlation 222 

between EPMM and ENSO is -0.22 (Fig. 4c). This indicates that EPMM cannot be used for 223 

ENSO prediction.  224 

4 Conclusion and Discussion 225 

Most previous studies have emphasized that the PMM has a crucial role in triggering 226 

ENSO events, however, it has seldom been noticed that the PMM is diverse. This diversity may 227 

contribute to its variable impacts on ENSO. Based on the SST patterns, an objective clustering 228 

method was used to classify PMM events. We found that PMM cases can be separated into two 229 

groups. The WPMM is characterized by a dipole SST anomaly over the west part of ENP 230 

whereas the EPMM dominates the CT and coastal SST anomalies in the ENP. Moreover, we 231 

showed that approximately 60% of C1 PMM events (5 positive and 4 negative events among 15 232 

C1 PMM cases) are significantly linked to ENSO events, while C2 PMM events are less notably 233 

related to ENSO. To utilize our findings for ENSO prediction, we reconstructed WPMM and 234 

EPMM indices and found that the WPMM index can accurately predict ENSO events with the 235 

higher hit rate (63%) and with fewer false alarm than the original PMM index. The EPMM index 236 

constructed based on C2 PMM SST patterns showed an insignificant negative relationship with 237 

ENSO, implying that the EPMM SST pattern is not a good predictive framework for ENSO 238 

events and requires further investigation.  239 

Although we showed the PMM diversity and its distinct impacts on ENSO, it is not clear 240 

what induced this diversity. Previous studies have documented that the NPO has different spatial 241 
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structures and that an eastward shift of the NPO may favor ENSO occurrence in the following 242 

year while the classic NPO pattern with an elongated southern lobe is less related to ENSO 243 

occurrence (Park et al. 2013; Sung et al., 2019; Yeh et al., 2018). We also found that the NDJ SLP 244 

patterns preceding FMAM PMM are considerably different (Fig. S4). Clearly, WPMM events are 245 

related to strong NPO events with a significant eastward shift (Fig. S4a and S4b), consistent with 246 

Park et al (2013) and Yeh et al (2018). However, unlike previous studies, we found that EPMM 247 

events are less linked to NPO events (Fig. S4c and S4d). Negative EPMM events are associated 248 

with significantly negative SLP anomalies over North America but weak positive anomalies 249 

south of 40ºN (Fig. S4d). In addition to the impact of NPO, it is also possible that PMM diversity 250 

may be connected with SST variability in other basins. For example, some studies have 251 

emphasized that the tropical Atlantic SST can modulate off-equatorial SST and wind variabilities 252 

along the Pacific ITCZ (Ham et al., 2013; Ham & Kug, 2015; Park et al., 2018; 2019a,b), where 253 

the action center of the PMM is located. Moreover, previous studies also found the decadal 254 

variation of the PMM is related to the Pacific Decadal Oscillation (PDO; Newman et al., 2016). 255 

In this study, however, the decadal variability of the PMM was screened out before the analyses. 256 

The mechanism responsible for PMM diversity and its relationship with decadal modes should be 257 

a focus of future research. 258 

  259 
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 392 

Figure 1. Time series (a) of the PMM and ENSO indices from 1951-2018 and the spring 393 

(FMAM; b, d and f) and winter (NDJ; c, e and g) SST anomalies between positive and 394 

negative PMM years. (a) Normalized PMM (black line) and following NDJ averaged 395 

Niño3.4 (red line) indices for the period 1951-2018. Green and red bars indicate PMM 396 

events larger than ±0.7 standard deviation. Green bars represent the 13 (6 positive and 7 397 

negative) PMM events associated with ENSO occurrence while red bars represent the other 398 

20 (10 positive and 10 negative) PMM events (i.e., a total of 33 PMM events). (b) the 399 

composite of SST anomalies from 16 positive and 17 negative PMM events; (c) 400 

corresponding NDJ SST anomalies based on 33 PMM events; (d) composite of SST 401 

anomalies of 13 PMM events shown as green bars; (e) composite of NDJ SST anomalies 402 

based on the 13 PMM years represented by green bars; (f) same as (d) but for the 20 PMM 403 

events indicated by red bars; (g) same as (e) but for the 20 PMM years shown as red bars. 404 

White crosses represent areas of SST above 95% significance level. 405 
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 406 

 407 

Figure 2. Two clusters of PMM events and silhouette values of each event. Cluster 1 (C1; left 408 

panel) (a) positive and (b) negative PMM events; cluster 2 (C2; right panel) (c) positive and 409 

(d) negative PMM events; silhouette values for (e) C1 and (f) C2 PMM events. White 410 

crosses in a, b, d and e represent areas of anomalous SST fields above 90% confidence level 411 

based on a two-tailed t test; black arrows indicate the composite of 850 hPa winds (m/s) 412 

above 90% confidence level. Red (blue) bars in (c) and (f) represent the positive (negative) 413 

PMM events, respectively. “El” and “La” marked above the bars in (c) and (f) indicate that 414 

El Niño or La Niña events occurred during the respective positive and negative PMM phases. 415 
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 418 
Figure 3. Composites of NDJ averaged SST anomalies and wind anomalies at 850hPa based 419 

on different types of PMM years. (a) Composite NDJ SST anomalies during C1 positive 420 

PMM years; (b) same as (a) but for C1 negative PMM years; (c) same as (a) but for C2 421 

positive PMM years; and (d) same as (b) but for negative C2 PMM years. White crosses and 422 

black arrows indicate area above 90% confidence level. 423 
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 425 
Figure 4. Scatter diagrams of ENSO index and original (reconstructed) PMM index based 426 

on C1 and C2 spatial patterns for the period 1951-2018. (a) Scatter plot of ENSO and 427 

original PMM indices; (b) scatter plot of ENSO index and WPMM index reconstructed based 428 

on the C1 SST pattern; and (c) scatter plot of ENSO index and EPMM index reconstructed 429 

based on the C2 SST pattern. Significant El Niño and La Niña events are colored red and 430 

blue, respectively. Significant positive and negative PMM events are marked by circles and 431 

rectangles, respectively.  432 
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Table S1. Positive and negative PMM (WPMM and WPMM) events chosen based on the 

criterion of ±0.7 standard deviation. Red represents El Niño years; blue denotes La Niña 

years.  

 

 Positive Negative 

WPMM 1963, 1980, 1986, 1997,  

2002, 2010, 2015 

1955, 1956, 1971, 1975, 

1979, 1999, 2008, 2016 

EPMM 1954, 1968, 1973, 1978, 

1982, 1988, 1996, 2003, 

2018 

1965, 1976, 1983, 1992, 

1993, 1998, 2006, 2012, 

2017 

 

 

  



 

 

Figure. S1. Clustering analysis with simultaneous El Niño signal removed. The cluster 1 (C1) 

(a) positive and (b) negative western PMM (WPMM) events; and cluster 2 (C2) (c) positive 

and (d) negative eastern PMM (EPMM) events. The white crosses represent composite of 

SST (ºC) with area above 90% confidence level based on two-tailed t test and the black 

arrows indicate the composite of 850hPa winds (m/s) above 90% confidence level. 

 



 

Figure S2. The spring SST anomalies of 15 individual C1 PMM events. The year marked by 

red (blue) color represents the El Niño (La Niña) year, respectively.  

 

 

 

 

 

 

 

 

 



 

 

Figure S3. Composites of May-June-July (MJJ) averaged SST and 850hPa wind anomalies 

based on different types of PMM years. (a) The composite MJJ SST anomalies during 

positive WPMM years; (b) same as (a) but for negative WPMM years; (c) the composite 

MJJ SST anomalies during positive EPMM years; and (d) same as (c) but for negative 

EPMM years. The white crosses represent area above 90% confidence level based on 

Student’s and the black arrows indicate the composite of 850hPa winds (m/s) above 90% 

confidence level. 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

Figure S4. The composite of previous NDJ SLP anomaly based on FMAM PMM events for 

the period 1950-2018. (a) the NDJ SLP anomalies based on C1 positive PMM events; (b) 

same as (a) but for C1 negative PMM cases; (c) same as (a) but for C2 positive PMM years; 

(d) same as (b) but for C2 negative PMM years. 

 

 


