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Abstract 14 

Recent studies highlight the key role of midlatitude climate variability in modulating 15 

tropical El Niño-Southern Oscillation (ENSO) activity. This study investigates the 16 

impact mechanisms of wintertime North Pacific Oscillation (NPO) in triggering ENSO 17 

events in the following year and its dependence on the structural characteristics of the 18 

NPO. When the NPO is stronger and located further south, anomalous southwesterly 19 

winds in the lower troposphere weaken the background trade winds and enhance local 20 

sea surface temperature (SST) anomalies. These SST anomalies are further amplified 21 

through the wind–evaporation–SST (WES) feedback, leading to the formation of the 22 

North Pacific Meridional Mode (NPMM). Through the seasonal footprinting 23 

mechanism (SFM), these SST and wind anomalies propagate toward the tropics, 24 

facilitating the westerly wind burst and ENSO onset. In contrast, weaker, more 25 

northerly and zonally elongated NPO anomalies confine SST anomalies to the 26 

subtropics, where they gradually dissipate. In the upper troposphere, a northeast–27 

southwest tilted NPO-related geopotential height anomaly favors the southward 28 

propagation of Rossby wave, supporting the development of tropical anticyclonic 29 

circulation anomaly and associated vertical easterly wind shear, which also contribute 30 

to ENSO triggering. Therefore, the structure of NPO is crucial for its impact on ENSO. 31 

Further analysis reveals that the oceanic feedback can modulate the evolution of NPO 32 

structure. The NPO-related wind anomalies adjust air–sea heat exchange and SST 33 

patterns, which exert feedback onto the atmosphere by changing diabatic heating and 34 

transient eddy forcing. Diabatic heating dominantly contributes to maintaining the 35 

circulation anomaly of the NPO at lower layers, while transient eddy vorticity forcing 36 

sustains the equivalent barotropic structure of the NPO. These findings clarify the 37 

coupled ocean–atmosphere processes linking wintertime NPO to ENSO, providing 38 

insights into extratropical–tropical interactions and ENSO predictability. 39 

Keywords: North Pacific Oscillation; El Niño–Southern Oscillation; Midlatitude 40 

ocean–atmosphere interaction; Transient eddy feedback 41 
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1 Introduction 42 

El Niño-Southern Oscillation (ENSO) is one of the most significant natural climate 43 

variability signals in the tropical ocean-atmosphere system and acts as an important 44 

source of interannual climate variability. ENSO not only affects the climate in the 45 

tropics but also influences the global climate through atmospheric teleconnections (Lau 46 

1997; Alexander et al. 2002; McPhaden et al. 2006). The development and evolution of 47 

ENSO are primarily determined by tropical ocean-atmosphere interaction dynamics 48 

(Bjerknes 1969; Eisenman et al. 2005; Cai et al. 2020). However, many studies have 49 

revealed that the extratropical climate variability can also influence ENSO activity on 50 

interannual or decadal time scales (Lau and Yang 1996; Vimont et al. 2003b; Chang et 51 

al. 2007; Yu and Kim 2010; Ding et al. 2017).  52 

Extratropical atmospheric variability modulates the tropical Pacific mean state, 53 

thereby influencing the triggering and evolution of ENSO (Ding et al. 2015; 54 

Chakravorty et al. 2021; Capotondi et al. 2023). Specifically, as a significant 55 

atmospheric variability during the winter in the North Pacific, the North Pacific 56 

Oscillation (NPO) can impact ENSO activity in the following year on interannual scales. 57 

Statistically, the NPO is significantly correlated with ENSO activity when the ENSO 58 

signal lags the NPO by approximately 12 to 15 months, and this relationship remains 59 

consistent across different regions of SST anomalies (Fig. 1a). Previous studies have 60 

demonstrated that the cyclonic circulation anomaly associated with the positive phase 61 

of the NPO during winter generates anomalous southwesterly winds (Vimont et al. 2001; 62 

Anderson 2003). These anomalous southwesterly winds reduce the upward turbulent 63 

heat flux from ocean to atmosphere, resulting in localized SST warming. The SST 64 

footprint formed in winter leads to the development of the North Pacific Meridional 65 

Mode (NPMM) in the following spring (Vimont et al. 2003a, b; Vimont 2004). Through 66 

the so-called seasonal footprinting mechanism (SFM), the associated SST and wind 67 

anomalies subsequently propagate into the tropical central Pacific in late spring, 68 

favoring the development of westerly wind bursts over the western tropical Pacific in 69 

autumn , a key process leading to El Niño onset (McPhaden et al. 2006). In addition to 70 

low-level air–sea coupling processes, geopotential height anomalies associated with the 71 

NPO can also directly stimulate equatorward wave propagation through atmospheric 72 

teleconnections (Zhao et al. 2023a, b), leading to anomalous geopotential heights and 73 
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winds in the tropics. These anomalies can trigger anomalous convection and 74 

precipitation in the lower troposphere, which can further influence ENSO activity 75 

through the Gill-type circulation response (Gill 1980). However, the formation of the 76 

upper-level circulation anomaly associated with the NPO and its relationship with the 77 

southward propagation of wave energy underlying this mechanism remain unclear.  78 

Previous studies have primarily focused on how the NPO initiates ENSO, 79 

particularly emphasizing weakened background trade winds and associated turbulent 80 

heat flux changes. Our preliminary analysis of selected NPO and ENSO events 81 

indicates that ENSO occurs following approximately 62.5% of NPO events (Table 1). 82 

Although the basic relationship between NPO events and subsequent ENSO 83 

development has been established, it remains unclear why certain NPO events fail to 84 

effectively initiate ENSO, suggesting that the spatial structure and intensity of the NPO 85 

may have potential roles in facilitating ENSO activity. Park et al. (2013) identified that 86 

the spatial structure of the NPO, along with changes in wind speed and net heat flux in 87 

the northeast Pacific, are key factors through which the NPO influences ENSO activity 88 

via the SFM. These factors determine the SST anomaly footprint in the northeast Pacific 89 

during late spring and summer. Thus, the definition of the NPO index influences the 90 

revelation of the relationship between NPO and ENSO (Chen and Wu, 2018). When the 91 

NPO index well captures the subtropical cyclonic anomalies that induce warm SST 92 

anomalies, the connection between the NPO and ENSO becomes stronger. Wang and 93 

Bao (2024) proposed that the southern lobe cyclone structure of the NPO can be divided 94 

into typical and atypical modes. Only the atypical mode, which overlaps with the 95 

Hawaiian region, can influence the NPMM and further promote ENSO activity. Other 96 

studies found that stronger positive-phase NPO forcing enhances El Niño development, 97 

while a westward shift in the NPO's negative phase weakens its effect on subtropical 98 

northeast Pacific SST anomalies, leading to a weaker La Niña event (Chen and Yu 2020; 99 

Hu et al. 2024). These studies have deepened our understanding of the complex 100 

relationship between North Pacific SST variations and ENSO. However, the role of the 101 

structural characteristics of the NPO in impacting subsequent ENSO evolution has not 102 

been fully considered. 103 

These findings suggest that the relationship between the NPO and the subsequent 104 

ENSO is largely dependent on the NPO structure, driven by internal climate variability 105 
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(Linkin and Nigam 2008; Tanaka et al. 2016; Sung et al. 2022). It is further necessary 106 

to explore the factors that cause these structural differences in the NPO. Moreover, the 107 

NPO, as an anomaly in mid-latitude atmospheric circulation, is influenced by both 108 

thermal and eddy-driven forcings (Lau and Nath 1991; Wang et al. 2017; Joh and Di 109 

Lorenzo 2019; Huang et al. 2024). Although the diabatic heating caused by SST 110 

anomalies is relatively weak and mainly confined to the lower troposphere, it can still 111 

have a significant impact on the maintenance of mid-latitude circulation anomalies in 112 

the lower troposphere. Additionally, the mid-latitude atmosphere exhibits strong 113 

baroclinicity, with active synoptic-scale transient eddy activities. The position of the 114 

NPO coincides with the mid-latitude oceanic frontal zone, which features storm tracks 115 

(Ren et al. 2010; Liu et al. 2014; Wang et al. 2017). Transient eddies can systematically 116 

transport heat and momentum through nonlinear wave-mean flow feedback, driving 117 

and maintaining the circulation anomalies, especially in the higher troposphere (Xiang 118 

and Yang 2012; Fang et al. 2022). Therefore, mid-latitude SST anomalies can influence 119 

the structure and evolution of the NPO by altering both diabatic heating and transient 120 

eddy forcing. Understanding the oceanic feedback to the atmosphere is important for 121 

elucidating how structural variations in the NPO influence ENSO initiation. 122 

This study aims to investigate the specific mechanisms by which the structural 123 

characteristics of wintertime NPO anomalies affect ENSO triggering and to analyze the 124 

structural evolution of the NPO. The manuscript is structured as follows: Section 2 125 

presents the data and research methods used, Section 3 categorizes the impact of the 126 

NPO on subsequent climate processes into two types and analyzes the evolutionary 127 

pathways of each event category separately, Section 4 examines the influence of 128 

oceanic feedback on the structure of the NPO and the last section is a summary and 129 

discussion for further study. 130 

2 Data and methods 131 

The analytical data used in the present study are derived from the European Centre for 132 

Medium-Range Weather Forecasts (ECMWF) ERA5 monthly reanalysis product 133 

(Hersbach et al. 2020), with a horizontal resolution of 1°× 1°. To further ensure the 134 

robustness of our findings, a cross-dataset consistency check is conducted using 135 

independent datasets from NCEP and ERSSTv5. The surface variables include SST, sea 136 

level pressure (SLP), latent heat flux (LHF, upward positive), sensible heat flux (SHF, 137 
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upward positive), and total precipitation. The multi-level variables include geopotential 138 

height (Z), horizontal wind fields, temperature (T), and specific humidity, with the 139 

stream function calculated from Z. Additionally, to analyze the impacts of transient 140 

eddy heat and vorticity forcing, daily ERA5 reanalysis products are used in Section 4, 141 

including the variables of SST, horizontal wind fields, vertical velocity (ω), and 142 

temperature. A 3-11 day Butterworth bandpass filter is applied to the daily data to 143 

extract the synoptic-scale eddies. The study period spans from 1950 to 2023. Prior to 144 

variable analysis, all data are detrended and processed to remove the seasonal cycles. 145 

Prior to the calculation of the NPO index and the composite analysis, the linear 146 

influence of concurrent ENSO, represented by the cold tongue index (defined as area-147 

averaged SST anomalies over the region 180°–90°W, 6°S–6°N, see Vimont et al. 148 

2003b), is removed to eliminate its effect on the evolution of the NPO and subsequent 149 

processes. A two-tailed Student's t-test is applied in this study, and a p-value less than 150 

0.05 indicates the anomalies are significant. Because two types of event sequences 151 

exhibit temporal autocorrelation, the effective degrees of freedom (EDF) are calculated 152 

prior to composite significance testing (Zwiers and Von Storch 1995). To further assess 153 

the robustness of the composite patterns, a bootstrap resampling test with 10,000 154 

iterations is conducted for key variables, and the resulting empirical confidence 155 

intervals are used to evaluate the stability of the anomalies. 156 

The spatial pattern of the NPO is defined as the second leading mode derived from 157 

empirical orthogonal function (EOF) analysis of the standardized monthly SLP 158 

anomalies over the North Pacific region (100°E–80°W, 20°N–70°N) during the winter 159 

(DJF), accounting for 21.34% of the total variance. The corresponding annual NPO 160 

index is obtained by projecting the winter SLP anomalies onto this spatial mode. The 161 

Niño indices (Niño3, Niño4, Niño3.4) used in this study are calculated following the 162 

method of the National Center for Atmospheric Research (NCAR) Niño SST Indices. 163 

The maximum Eady Growth Rate (EGR) (Eady 1949; Lindzen and Farrell 1980) is 164 

used in this study to characterize atmospheric baroclinicity, which can be calculated 165 

using the formula σ஻ூ = 0.3098 · |݂| · |డ௨డ௭| /ܰ, where u is the zonal wind, ݂ is the 166 

Coriolis parameter, and ܰ is the Brunt-Väisälä frequency. The Rossby wave activity 167 

flux (WAF) (Takaya and Nakamura 2001) is used to track the propagation path of 168 

Rossby wave energy, and it can be calculated using the following equation: 169 
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 WAF = ܲ cos߮2|ܸ⃗ | (  
2߮ݏ݋2ܿܽݑ  ߣ߲′߲߰)] )2 − ߰′ 2ߣ2߰′߲߲ ] + 2ܽݒ cos߮ ߣ߲′߲߰] ߲߰′߲߮ − ߰′ 2ܽݑ[߲߮ߣ2߰′߲߲ cos߮ ߣ߲′߲߰] ߲߰′߲߮ − ߰′ [߲߮ߣ2߰′߲߲ + 2ݒܽ [(߲߰′߲߮ )2 − ߰′ ߲2߰′߲߮2 ] )  

 (1) 170 

where ܸ⃗  = (u, v) is the horizontal wind field, ܲ is the normalized pressure (171 1000/݌ 

hPa), ܽ  is the Earth's radius, ߣ  and ߮  denote longitude and latitude, respectively, 172 

and ߰ =  is the stream function, with ݃ being the gravitational acceleration 173 ݂ / ݖ݃ 

and the prime indicating anomalies relative to the monthly mean. 174 

3 The impact mechanism of the NPO on ENSO triggering 175 

In this section, we investigate how different structural characteristics of the NPO 176 

influence ENSO initiation by examining the interface air–sea interactions and upper-177 

level energy propagation processes. 178 

3.1 Role of the ocean-atmosphere coupling processes 179 

The regression of SST and concurrent SLP anomalies onto the NPO index is first 180 

examined (Fig. 1b). During the boreal winter, the spatial pattern of the positive NPO 181 

phase is characterized by a meridional dipole mode, with an anomalous high pressure 182 

located north of 45 °N and an anomalous low pressure centered around 35°N over the 183 

mid-to-high latitudes of the North Pacific. Associated with the negative SLP anomaly, 184 

the horizontal wind anomalies weaken (strengthen) the background trade winds, 185 

inducing characteristic SST anomalies concurrently. These SST anomalies are 186 

characterized by cooling in the central and western North Pacific and warming 187 

extending southwestward from the western coast of California. Lag regression analysis 188 

further reveals significant NPO-related positive SST anomalies near the equatorial 189 

Pacific during the subsequent winter, displaying a typical El Niño pattern (Fig. 1c). This 190 

result indicates the potential of the NPO to trigger ENSO activity in the following year 191 

through oceanic and atmospheric processes from the midlatitudes to the tropics.  192 

As discussed above, not all NPO events are followed by significant ENSO activity. 193 

This is confirmed by our preliminary analysis, which indicates that about 62.5% of 194 

NPO events are followed by ENSO (Table 1). Whether ENSO initiation occurs depends 195 

not only on the initial tropical ocean thermodynamic state but may also be associated 196 
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with variations in the spatial structure and evolution of NPO anomalies. To clearly 197 

investigate the key characteristics and processes that determine the impact of NPO on 198 

ENSO initiation, we categorize the observed NPO events into two groups based on their 199 

subsequent ENSO occurrence: events followed by significant ENSO activity (NPO-200 

ENSO) and those not followed by ENSO events (NPO-NONE). Given that ENSO 201 

asymmetry (El Niño vs. La Niña) has a negligible influence on this study (Fan et al. 202 

2023; Anderson et al. 2013a), the positive NPO phases followed by El Niño and the 203 

negative NPO phases followed by La Niña are combined into the NPO-ENSO category. 204 

Conversely, NPO phases without subsequent ENSO events are grouped into the NPO-205 

NONE category. The detailed event classifications are summarized in Table 1. 206 

By comparing the distribution characteristics of the low-level circulation fields 207 

and SST anomalies between the two types of events, it is found that the southern lobe 208 

anomalous cyclonic circulation of the NPO gradually strengthens and expands during 209 

winter, with corresponding southwesterly wind anomalies extending equatorward in 210 

NPO-ENSO events (Fig. 2a, c, e). Consequently, significant warm (cold) SST 211 

anomalies develop on the southeastern (southwestern) flank of the negative SLP 212 

anomaly due to reduced (increased) upward heat flux. The negative SLP anomaly 213 

persists until March, accompanied by westerly wind anomalies that propagate to the 214 

equatorial western Pacific via Wind–Evaporation–SST (WES) feedback (Xie and 215 

Philander 1994; Martinez-Villalobos and Vimont 2017). This process leads to the 216 

intensification of positive SST anomalies, resulting in a well-defined NPMM during 217 

spring. By May of the following year, significant ENSO signals emerge in the equatorial 218 

central and eastern Pacific. 219 

To better explore how wind and SST anomalies extend toward the tropics, we 220 

selected 15 points at equal latitude–longitude intervals along the propagation path (red 221 

points in Fig. 1b). The temporal evolution of these variables is analyzed by computing 222 

regional averages around each selected point to investigate differences in air–sea 223 

coupling processes between the two types of events. At each point, a 3-month running 224 

mean is applied, and regional means are calculated using a 9-grid-point area centered 225 

on each point. In NPO-ENSO events, notable southwesterly wind anomalies are already 226 

present in the regions from point 2 to point 6 in December (Fig. 3a). These anomalies 227 

induce positive SST anomaly during winter by reducing upward turbulent heat fluxes 228 
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(mainly LHF). Due to oceanic thermal inertia, the SST anomaly responds with a lag of 229 

approximately one month to changes in wind and LHF anomalies, reaching its peak in 230 

early spring, consistent with findings of Vimont (2003a). Subsequently, the SST 231 

anomaly induces an atmospheric response, causing southwesterly wind anomalies on 232 

its southwest side that further drive warm SST anomaly. Thus, via this WES feedback, 233 

the SST anomaly and associated southwesterly wind and LHF anomalies propagate 234 

toward the tropical western Pacific. These anomalies are observed to reach the tropics 235 

(points 12-15) around April to May of the following year, subsequently triggering a 236 

westerly wind bursts. This wind burst further interacts with the tropical ocean, leading 237 

to the generation of eastward-propagating Kelvin waves (Weisberg and Wang 1997), 238 

which ultimately induce warm SST anomalies in the equatorial central and eastern 239 

Pacific.  240 

In contrast, during NPO–NONE events, although a strong NPO anomaly may also 241 

develop in early winter, the negative SLP anomaly begins to contract in January. By 242 

February, it becomes markedly elongated in the zonal direction and splits into two 243 

centers, with the main core retreating westward toward the date line and shifting 244 

northward (Fig. 2b, d, f). This structural change causes the southwesterly wind 245 

anomalies over the subtropical Pacific to shrink rapidly in spatial extent. Under these 246 

circumstances, even though notable SST anomalies persist over the subtropical ocean 247 

in February, the rapid decay of the negative SLP anomaly prevents the effective 248 

activation of the WES feedback, thereby inhibiting the equatorward propagation of the 249 

associated wind and SST anomalies toward the western equatorial Pacific. 250 

Consequently, the NPO-related wind and SST anomalies dissipate quickly during the 251 

following spring, failing to affect the oceanic thermal conditions in the tropics (Fig. 2h, 252 

j, l). It can also be seen that although horizontal wind anomalies initially develop near 253 

the southern flank of the low-pressure anomalies in NPO-NONE, the positive feedback 254 

process between these winds and SST anomalies is confined to the subtropics during 255 

winter and rapidly dissipates in spring as the cyclone anomaly weakens (Fig. 3b). Thus, 256 

no well-defined NPMM forms to effectively trigger subsequent ENSO events. These 257 

differences between the two types of events highlight that the intensity and spatial 258 

characteristics of the initial negative SLP anomaly significantly influence the efficiency 259 

of the WES feedback. Specifically, the anomalous southwesterly winds associated with 260 

the southern branch of the NPO play an important role in determining the strength and 261 
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extent of this feedback process. 262 

3.2 Role of the NPO related upper-level circulation anomalies  263 

Besides differences in SST and low-level atmospheric circulation, NPO-ENSO and 264 

NPO-NONE events also exhibit significant discrepancies in the evolution of upper-265 

level circulation anomalies. In NPO-ENSO events, the geopotential low anomaly 266 

gradually acquires a northeast-southwest tilt during winter, and an anticyclonic 267 

anomaly emerges near 160°W in the tropics, accompanied by remarkable easterly 268 

anomalies on its southern flank in February (Fig. 4a, c, e). Notably, the anticyclonic 269 

anomaly persists and intensifies into spring, with associated easterly wind anomalies 270 

extending progressively equatorward and reaching the equatorial Pacific by May (Fig. 271 

4g, i, k). By contrast, the NPO anomalies in NPO-NONE events gradually shift 272 

northward throughout winter, most clearly observed in the poleward migration of the 273 

northern anomalous high lobe. The low anomaly during winter is characterized by a 274 

pronounced zonal elongation, similar to features observed at lower levels (Fig. 4b, d, 275 

f). Moreover, the anticyclonic anomaly in the subtropics is weak and not significant 276 

during winter, failing to produce easterly anomalies and dissipating rapidly in spring 277 

(Fig. 4h, j, l). The following analysis further investigates how the structural differences 278 

in upper-level NPO anomalies influence the initiation of ENSO events. 279 

The NPO exhibits a Western Pacific (WP) teleconnection pattern in the upper 280 

troposphere (Nakamura et al. 1987; Tanaka et al. 2016), which can influence ENSO 281 

activity through teleconnection processes. To further elucidate this upper-level pathway, 282 

we analyze the WAF (Eq .1) associated with two types of events. Composite results 283 

indicate that the northern anticyclonic anomalies of the NPO in both NPO-ENSO and 284 

NPO-NONE events stimulate downstream wave energy propagation (Fig. 5a, b), 285 

consistent with its known influence on North American weather and climate (Baxter 286 

and Nigam 2015; Sung et al. 2019). However, in the NPO-ENSO events, the southern 287 

lobe of the NPO exhibits prominent equatorward energy propagation during winter, and 288 

this energy propagation gradually intensifies throughout the season. This southward 289 

energy propagation sustains the tropical anticyclonic circulation anomaly throughout 290 

spring and helps expand the extent of easterly anomalies on the southern side of the 291 

anticyclone. According to Zhao et al. (2023a, b), the southward energy propagation is 292 

closely related to the structural characteristics of the southern lobe cyclone. Specifically, 293 
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a northeast-southwest tilted structure favors effective southward propagation of WAF, 294 

as clearly observed in NPO-ENSO events (Fig. 5e).  295 

Further analysis reveals that the upper-level easterly anomalies associated with the 296 

subtropical anticyclone help establish a vertical easterly shear over the equator (Fig. 6 297 

left panels). According to Wang and Xie (1996a, b), vertical easterly shear confines 298 

atmospheric disturbances to the lower troposphere, thereby intensifying Ekman 299 

pumping and boundary-layer frictional moisture convergence. This moisture-induced 300 

condensational heating ultimately facilitates the development of westerly wind 301 

anomalies over the equatorial central Pacific. In NPO-ENSO events, vertical easterly 302 

shear anomalies initially emerge near the equator and tropical regions during late winter 303 

(indicated by dashed lines, Fig. 6a). With the onset of spring, the extent of easterly shear 304 

between the upper and lower troposphere gradually expands (Fig. 6c, e, g), further 305 

intensifying the strength and range of low-level moisture transport. Generally, the 306 

enhancement of moisture convergence is accompanied by increased precipitation, and 307 

in NPO-ENSO events, the precipitation coverage in the tropical and equatorial Pacific 308 

expands during spring (Supplementary Fig. S1c, e, g). The increase in precipitation is 309 

accompanied by diabatic heating processes, which facilitate the formation of a Gill-310 

type circulation response (Gill 1980) and subsequently promote the development of 311 

equatorial westerlies, thereby facilitating the onset of El Niño.  312 

In contrast, NPO-NONE events exhibit primarily zonal elongation of the 313 

geopotential low, lacking the meridional tilt necessary for effective equatorward energy 314 

propagation. As a result, although slight equatorward propagation of WAF occurs 315 

briefly in December during NPO-NONE events, the main wave energy propagation 316 

remains zonally oriented (Fig. 5b, d, f). Due to this limited southward energy input, the 317 

associated tropical anticyclonic anomaly rapidly weakens and dissipates during spring, 318 

failing to sustain significant easterly anomalies. Thus, the vertical easterly shear is weak 319 

and gradually decays from winter to spring, inhibiting the moisture transport to the 320 

tropics (Fig. 6b, d, f, h). Correspondingly, precipitation differences in tropical regions 321 

between the two events are relatively minor in February (Supplementary Fig. S1a, b). 322 

However, as spring progresses and moisture convergence intensifies, NPO-ENSO 323 

events exhibit significantly greater precipitation coverage over the tropical and 324 

equatorial Pacific compared to NPO-NONE events (Fig. S1c-f). Notably, positive 325 
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precipitation anomalies are observed in the tropical region between 150°E and 170°E 326 

in NPO-ENSO events, whereas NPO-NONE events exhibit drought conditions in the 327 

same region. This distinct precipitation pattern explains the early emergence of westerly 328 

anomalies in the equatorial western Pacific during NPO-ENSO events (Fig. 2e). 329 

The analyses presented in this section highlight that the upper-level atmospheric 330 

circulation associated with the NPO also significantly contributes to ENSO triggering 331 

through dynamic and thermodynamic processes related to southward wave-energy 332 

propagation. Collectively, these findings indicate that the role of the NPO in triggering 333 

ENSO is primarily achieved through the combined effects of lower-tropospheric air–334 

sea coupling and upper-tropospheric wave-energy propagation. The structural 335 

differences in the southern branch of the NPO play an important role in modulating 336 

these two processes and their associated impacts.  337 

To further quantitatively evaluate the key factors governing the ability of the NPO 338 

to trigger ENSO, we conduct a five-fold cross-validated logistic regression analysis 339 

using five standardized NPO characteristic indices, including the latitude of the 340 

southern low-pressure center, the central sea level pressure, the axial tilt of the southern 341 

low-pressure center, the intensity of the southward-propagating meridional WAF, and 342 

the zonal-to-meridional aspect ratio (Fig. 7). The regression results further support the 343 

above findings. Specifically, a southward-extended and stronger southern low-pressure 344 

center of NPO, combined with enhanced southward propagation of upper-tropospheric 345 

Rossby waves, greatly favors ENSO triggering. By contrast, a more zonally elongated 346 

and tilted southern low-pressure center suppresses ENSO onset. It is worth noting that, 347 

although the intensity of the southern low-pressure center contributes positively to 348 

ENSO triggering, its effect is relatively weak. That means the spatial structure of the 349 

NPO is more important than its intensity in determining its ability to trigger ENSO. 350 

Nevertheless, the processes governing the structural evolution of the NPO itself remain 351 

unclear. The following section explores this issue from the perspective of oceanic 352 

feedback. 353 

4 Influence of oceanic feedback on the structural evolution of NPO 354 

As a midlatitude atmospheric circulation pattern, the formation and evolution of the 355 

NPO are primarily driven by internal atmospheric processes (Lau 1988; Li and 356 
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Wettstein 2012; Tanaka et al. 2016; Sung et al. 2022). However, the oceanic feedback 357 

also exerts a substantial modulating effect on the spatial structure of the NPO during its 358 

evolution.  359 

To further quantify the underlying dynamical processes, the time-mean quasi-360 

geostrophic potential vorticity (QGPV) equation following Fang and Yang (2016) is 361 

employed to diagnose the contributions from different forcing terms, 362 

( ݐ߲߲ + ℎܸ⃗⃗⃗⃗ ̅̅ ̅ · (ߘ [1݂ ̅߶2ߘ + ݂ + ݌߲߲ 1ߪ݂) [(݌߲̅߶߲ = −݂ ݌߲߲ 1ܳௗ̅̅ߪߙ) ̅̅ܶ̅ )⏟          ி1 −݂ ݌߲߲ 1ܳ௘ௗௗ௬̅̅ߪߙ) ̅̅ ̅̅ ̅̅ܶ̅ )⏟            ி2 + ௘ௗௗ௬̅̅ܨ ̅̅ ̅̅ ̅⏟  ி3 (2) 363 

ܳ௘ௗௗ௬ = ߘ− ∙ ܸ⃗ ′ܶ′ − ݌߲′ܶ′߲߱ + ܴܿ௣߱݌′ܶ′ (3) 364 

௘ௗௗ௬̅̅ܨ ̅̅ ̅̅ ̅ = ߘ− ∙ ′ߞ′ ܸ⃗ (4) 365 

where the overbar denotes the monthly mean, ߶ is the geopotential, α is the reciprocal 366 

of atmospheric density, 1ߪ=ఙ0R௉  is the atmospheric static stability parameter, and ܳௗ̅̅̅̅  367 

is the monthly-mean diabatic heating that can be diagnosed as the residual of the 368 

thermodynamic equation (Yanai and Tomita 1998). ܳ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅̅   is the monthly-mean 369 

transient eddy heating that is determined by the 3-dimensional convergence of heat flux 370 

transport by transient eddies (Eq. 3), and ܨ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅ is the transient eddy vorticity forcing 371 

induced by vorticity flux transport convergence by transient eddies (Eq. 4). The prime 372 

in Eq. 3 and Eq. 4 denotes the synoptic-scale perturbations. Eq. 2 suggests that the 373 

monthly-mean midlatitude atmospheric circulation is driven by three terms: diabatic 374 

heat forcing (1ܨ ), transient eddy thermal forcing (2ܨ ), and transient eddy vorticity 375 

forcing (3ܨ). Therefore, the midlatitude oceanic surface thermal condition can affect the 376 

atmosphere by changing diabatic heating and transient eddy activities. That is to say, 377 

the NPO-induced SST anomalies could exert feedback to the atmosphere through direct 378 

and indirect processes. Eq. 2 can be reformulated as the geopotential tendency equation, 379 

with the same three forcing terms in the right side. Then, we calculate the NPO-related 380 

anomalies of ܳௗ̅̅̅̅  , ܳ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅̅   and ܨ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅ , as well as the corresponding 2ܨ , 1ܨ , and 381 3ܨ 

anomalies for both types of events. Then, the successive over-relaxation (SOR) method 382 

is applied to obtain the initial geopotential tendency (డథ̅డ௧ ) responses to each anomalous 383 
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forcing term. 384 

In the NPO–ENSO events, during the early and middle winter, anomalous 385 

westerlies around the low-pressure center strengthen the background trade winds, 386 

enhancing the release of THF from the ocean to the atmosphere and inducing cold SST 387 

anomalies over the midlatitude North Pacific (20°–40°N), accompanied by positive ܳௗ̅̅̅̅  388 

anomalies in the lower troposphere (Fig. 2, Fig. 8a, b and Fig. 9a, b). Meanwhile, 389 

easterly anomalies south of the high-pressure center and southwesterly anomalies 390 

southeast of the low-pressure center weaken the background trade winds, reducing 391 

ocean-to-atmosphere heat release and thereby generating local warm SST anomalies, 392 

together with negative ܳௗ̅̅̅̅   anomalies in the lower troposphere. The negative 393 

correlation between SST and THF anomalies (e.g. negative SST anomaly corresponds 394 

to upward THF anomaly) suggests that during December and January, these events are 395 

primarily characterized by atmospheric forcing of the ocean through near-surface 396 

dynamical processes. By February, however, the THF anomalies over the warm SST 397 

anomalies in the 40°–50°N reverse its sign (Fig. 8c). Through the decomposition of 398 

SHF and LHF, we demonstrate that this reversal of THF anomalies is mainly caused by 399 

the enhanced air–sea temperature contrast induced by warm SST anomalies 400 

(Supplementary Fig. S2). The enhanced upward heat release subsequently leads to 401 

significant positive ܳௗ̅̅̅̅  anomalies in the lower troposphere over this region (Fig. 8c and 402 

9c), suggesting that the SST anomalies can exert thermal feedback on the atmospheric 403 

circulation via modifying the surface heat fluxes in late winter. The diabatic heating 404 

anomalies also undergo a transition from atmosphere-driven in early winter to ocean-405 

driven in late winter. 406 

On the other hand, in February, the large-scale meridional SST gradient anomalies 407 

not only modify the intensity and position of the oceanic frontal zones, but also 408 

influence the distribution of low-level atmospheric baroclinicity through thermal effects, 409 

resulting in the co-location of the large atmospheric baroclinicity and the oceanic frontal 410 

zones. According to baroclinic instability theory, atmospheric transient eddies are 411 

generated in baroclinic regions (Charney 1947; Eady 1949; Simmons and Hoskins 1978; 412 

Hoskins and James 2014). Therefore, regions with strong baroclinicity are associated 413 

with vigorous transient eddy activities, which significantly influence time-mean 414 

atmospheric circulation by transporting moisture, heat, and vorticity (Kug et al. 2010; 415 
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Tao et al. 2020; Fang et al. 2022). In the NPO–ENSO events, cold SST anomalies in 416 

February are observed over the 20°–35°N band, while warm SST anomalies dominate 417 

north of 35°N, with the maximum warming located near 42°N (Fig. 10a). This SST 418 

anomaly pattern weakens the meridional SST gradient between 35°N and 42°N, which 419 

is accompanied by a reduction in lower-tropospheric baroclinicity. In contrast, north of 420 

42°N, the meridional SST gradient is enhanced, inducing increased atmospheric 421 

baroclinicity. According to Eq .3 and 4, ܳ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅̅  and ܨ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅ represent the divergence of 422 

eddy-induced heat or vorticity fluxes, and thus their patterns are nearly perpendicular 423 

to the axis of strongest baroclinicity in the meridional direction. Notably, atmospheric 424 

baroclinicity near 40°N is substantially weakened in February (Fig. 10a), while 425 

pronounced negative anomalies of transient eddy forcing emerge to its north (Fig. 9f, 426 

i). These results suggest that the baroclinicity changes associated with oceanic feedback 427 

may further influence the atmospheric circulation by modulating transient eddy thermal 428 

and dynamical forcing. 429 

For the atmospheric responses induced by the different forcing terms, the 430 

geopotential tendency response to 1ܨ exhibits a pronounced baroclinic structure in the 431 

vertical direction, with negative (positive) geopotential tendency anomalies collocated 432 

with the low-pressure (high-pressure) centers below 700 hPa (first column of Fig. 11). 433 

As a result, 1ܨ  primarily acts to maintain NPO structure in the lower troposphere, 434 

while tending to weaken the NPO anomalies in the upper troposphere. The geopotential 435 

tendency response induced by 2ܨ is generally similar to that of 1ܨ, but with a weaker 436 

amplitude and a slightly northward-shift response center (second column of Fig. 11). In 437 

contrast, only the geopotential tendency induced by 3ܨ  exhibits a clear equivalent-438 

barotropic structure throughout the troposphere (third column of Fig. 11). Its spatial 439 

pattern closely resembles the observed NPO-related geopotential height anomalies 440 

(fourth column of Fig. 11), suggesting that 3ܨ  is more effective in maintaining the 441 

NPO structure throughout the troposphere. This again confirms that the transient eddy 442 

vorticity forcing is the primary factor for the formation and maintenance of the 443 

equivalent barotropic structure of the midlatitude atmospheric circulation (Fang and 444 

Yang 2016; Sun et al. 2018; Tao et al. 2019, 2020; Tao et al. 2022). 445 

In NPO-ENSO events, although all three forcing terms contribute positively to the 446 

development of the southern negative SLP anomaly of the NPO, the 1ܨ  induced 447 
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geopotential tendency is strongest at lower atmospheric layers. Moreover, its horizontal 448 

distribution closely matches the NPO pattern (Fig. 12a-c), indicating that diabatic 449 

heating plays a dominant role in shaping the low-level NPO structure. By contrast, in 450 

the upper troposphere, the NPO structure aligns more closely with the geopotential 451 

tendency induced by 3ܨ (Fig. 12g-i), suggesting that 3ܨ plays a more prominent role 452 

aloft.  453 

In contrast, oceanic feedback is substantially weaker in the NPO–NONE events. 454 

On the one hand, the relatively weak THF anomalies limit the ability of the ocean to 455 

exert a direct thermal influence on the midlatitude atmosphere through ܳௗ̅̅̅̅  456 

(Supplementary Fig. S3). In these events, the initial atmospheric forcing produces 457 

positive ܳௗ̅̅̅̅  anomalies south of 40°N and negative anomalies to its north (Fig. 8d and 458 

Fig. 13a). However, the positive anomalies gradually weaken and contract after January. 459 

By February, only weak ܳௗ̅̅̅̅  signals remain in the lower and middle troposphere south 460 

of 40°N, while no significant positive ܳௗ̅̅̅̅  anomalies are found over the midlatitudes 461 

(Fig. 8f and 13c). These results suggest that the diabatic heating exerts comparatively 462 

limited contribution to the structural evolution of the NPO during NPO–NONE events, 463 

and such diabatic heating is barely modulated by the ocean. On the other hand, although 464 

a local minimum in the meridional SST gradient also develops over the midlatitudes 465 

during late winter, the anomalies of meridional SST gradients do not spatially coincide 466 

with the EGR anomalies in this region (Fig. 10b). Such spatial decoupling implies that 467 

the influence of oceanic anomalies on atmospheric baroclinicity and transient eddy 468 

activity is relatively weak. Consequently, the structural evolution of the NPO is 469 

predominantly controlled by internal atmospheric dynamics. From the vertical 470 

distribution of the transient eddy-related forcing terms, ܳ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅̅   is characterized by 471 

negative anomalies at high latitudes, whereas positive anomalies are mainly confined 472 

to the region south of 40°N (Fig. 13d). Meanwhile, ܨ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅ exhibits positive anomalies 473 

primarily between 35°N and 45°N (Fig. 13g). Under the influence of internal 474 

atmospheric dynamics, the positive anomaly centers of both ܳ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅̅   and ܨ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅ 475 

expand poleward (Fig. 13f, i), consistent with the northward displacement of the NPO-476 

related circulation anomalies.  477 

Correspondingly, because the ܳௗ̅̅̅̅  anomalies in the NPO–NONE events are largely 478 

confined to the lower troposphere, the associated geopotential response is relatively 479 
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weak and displaced poleward (Fig. 14a, e, i). The geopotential tendency induced by 480 2ܨ 

also exhibits a baroclinic vertical structure. By February, the geopotential tendency 481 

responses associated with both 2ܨand 3ܨ become substantially stronger. However, in 482 

the absence of effective local oceanic feedback, these responses are not anchored near 483 

the southern lobe of the NPO and instead tend to shift toward the mid–high latitudes 484 

(Fig. 14j, k). And the response induced by 3ܨ is primarily concentrated in the middle 485 

and upper troposphere, while its largest low-level anomalies are also located farther 486 

poleward (third column of Fig. 14), contributing to a northward displacement of the 487 

NPO circulation. At the same time, the southwesterly anomalies south of the NPO low-488 

pressure center gradually become detached from the warm SST anomalies, making it 489 

difficult to establish effective WES feedback. In addition, under the influence of 490 

internal atmospheric processes, the geopotential tendency responses induced by 491 1ܨ 

and 3ܨ exhibit a double-center structure near the southern lobe of the NPO, causing 492 

the low-pressure anomalies to become zonally elongated and eventually split (Fig. 12f, 493 

l). Such a zonally elongated structure is unfavorable for the equatorward propagation 494 

of upper-level WAF, thereby weakening the influence of upper-level teleconnections on 495 

the triggering of ENSO. 496 

The analyses presented above reveal oceanic feedback as a key modulator of NPO 497 

structure. By reshaping the diabatic heating and the atmospheric baroclinicity, the 498 

oceanic feedback further sustains NPO-related circulation anomalies, ultimately 499 

modulating its potential to trigger ENSO events in the subsequent year. 500 

5 Summary and discussion 501 

This study focuses on the structural characteristics of the winter NPO and their 502 

influence on the triggering of ENSO in the following year. By comparing NPO events 503 

followed by ENSO (NPO-ENSO) with those not followed by ENSO (NPO-NONE), it 504 

reveals how differences in the structure and intensity of the NPO affect air–sea coupling 505 

and upper-level atmospheric processes, thereby impacting the onset of ENSO. The 506 

study also identifies the role of oceanic feedback in the evolution of the NPO in the two 507 

types of events to explain the causes of the structural diversity of the NPO. 508 

In the lower troposphere, anomalous southwesterly winds associated with the 509 

southern branch of the NPO weaken the background trade winds, inducing localized 510 
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SST warming. This SST anomaly is amplified and maintained through the WES 511 

feedback into spring, leading to the formation of the NPMM. Subsequently, both the 512 

SST anomaly and associated southwesterly wind anomalies propagate toward the 513 

tropics through the SFM, triggering equatorial westerly wind bursts that promote ENSO 514 

development. This process is favored in NPO-ENSO events, of which the negative SLP 515 

anomaly strengthens during winter and shifts toward the equator, thereby enhancing 516 

SST anomalies and facilitating their tropical propagation. In contrast, during NPO-517 

NONE events, the negative SLP anomaly weakens and becomes zonally elongated 518 

while shifting eastward in winter. These changes suppress the positive feedback 519 

between wind and SST anomalies, confining the SST anomalies to the subtropics where 520 

they gradually dissipate. 521 

At the upper levels, the northeast–southwest tilted geopotential low anomaly 522 

during NPO-ENSO events facilitates the southward propagation of wave energy, 523 

maintaining the tropical anticyclone and its associated easterly anomalies to the south. 524 

This enhances easterly wind shear over the tropical regions, confines disturbances to 525 

the lower troposphere, and promotes Ekman pumping and moisture convergence. These 526 

processes favor convective precipitation and a Gill-type circulation response, which 527 

strengthens the equatorial westerlies and thus facilitates ENSO onset. In contrast, the 528 

anomalous geopotential low in NPO-NONE events displays a pronounced zonally 529 

extended structure, resulting in zonally wave energy propagation rather than southward 530 

propagation, which cannot affect tropical regions and further trigger ENSO. 531 

The difference in ENSO triggering effect between the two types of events is 532 

closely related to differences in the NPO structure, which can be modulated by SST 533 

anomalies during the late winter. In the NPO–ENSO events, the oceanic contribution 534 

to THF rises continuously during winter. By February, it exceeds the contribution of the 535 

atmosphere, indicating that the ocean can exert robust feedback on the atmosphere 536 

through heat flux processes. The resulting meridional SST gradient anomalies weaken 537 

the Subarctic Frontal Zone (SAFZ), reduce the midlatitude atmospheric baroclinicity, 538 

and further modify the associated transient eddy activities. Under the combined effects 539 

of diabatic heating, transient eddy heat forcing, and transient eddy vorticity forcing, the 540 

southern low-pressure anomaly of the NPO persists into early spring, favoring the 541 

formation and continued development of the NPMM and facilitating the tropical 542 
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propagation of upper-level teleconnection signals. Although all three forcing terms 543 

contribute positively to maintaining the NPO structure to some extent, the diabatic 544 

heating and the transient eddy thermal forcing mainly contribute in the lower 545 

troposphere, with diabatic heating playing the dominant role. Meanwhile, the transient 546 

eddy vorticity forcing is the primary driver in the upper troposphere and helps sustain 547 

the equivalent barotropic structure of the NPO. In contrast, in the NPO–NONE events, 548 

the SST anomalies are relatively weak and exert only limited feedback on the 549 

atmosphere by late winter. Under this condition, the internal atmospheric processes 550 

control the evolution of the midlatitude baroclinic zone and transient eddy activities, 551 

leading to a northward displacement of the NPO-related circulation anomalies. 552 

Meanwhile, as the diabatic heating weakens and the spatial distribution of transient 553 

eddy forcing changes, the cyclonic circulation anomaly gradually shifts westward in 554 

February and develops a pronounced zonally elongated structure, weakening the NPO 555 

pattern. Such evolution not only inhibits the propagation of anomalous southwesterlies 556 

toward the tropical western Pacific through the SFM, but is also unfavorable for the 557 

equatorward propagation of upper-level wave energy.  558 

This study further analyzes the impact mechanisms of the NPO on ENSO 559 

triggering via upper-level and lower-level processes. Notably, Zhao et al. (2023b) have 560 

demonstrated that the southward propagation of upper-level WAF and the lower-level 561 

SFM are not independent. Regression analysis between the standardized WAF 562 

southward propagation index over the Hawaiian region (10°N–30°N, 170°W–130°W) 563 

and precipitation reveals that the southward wave energy propagation significantly 564 

affects precipitation in the subtropical Pacific (Supplementary Fig. S4). It is therefore 565 

inferred that precipitation changes induced by upper-level wave energy propagation 566 

may modulate the position of the Intertropical Convergence Zone (ITCZ), thereby 567 

enhancing the SST and wind anomalies triggered by the NPO (Amaya et al. 2019; Park 568 

et al. 2021). Although qualitative analyses have indicated that both upper- and lower-569 

level processes contribute to ENSO triggering, their interaction and relative importance 570 

in the actual triggering process require further quantification. Additionally, the NPO-571 

related anomalous southwesterly winds at the sea surface may influence ENSO activity 572 

through other pathways (Solomon et al. 2008; Alexander et al. 2010; Anderson et al. 573 

2013b), and the specific impacts of the initial NPO structure and SST anomaly location 574 

on these pathways warrant further investigation. 575 
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Tabels 803 

Table 1. NPO and ENSO Event Classification 804 

Event classification ENSO phase Year of wintertime NPO 

NPO-ENSO 

+NPO-El Niño 

1956/1957, 1967/1968, 1981/1982, 
1990/1991, 2008/2009, 2013/2014, 
2014/2015 

-NPO-La Niña 

1954/1955, 1974/1975, 1987/1988, 
1998/1999, 2006/2007, 2007/2008, 
2019/2020, 2020/2021 

NPO-NONE 

+NPO-none 1968/1969, 1977/1978, 1980/1981 

-NPO-none 

1959/1960, 1975/1976, 1989/1990, 
2000/2001, 2011/2012, 2012/2013, 
2015/2016 

805 
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Figure caption  806 

Fig. 1 (a) Lead-lag correlations between the NPO index and different Niño indices. The 807 

x-axis represents the lead-lag in months, with positive (negative) values indicating that 808 

ENSO lags (leads) the NPO index. The solid line indicates that the correlation is 809 

significant at the 95% confidence level. (b) Regression of the winter (DJF) NPO index 810 

on concurrent SST (shaded, unit: K) and SLP (contours, interval: 0.4 hPa) anomalies. 811 

The red line represents the Hovmöller transect path shown in Fig. 3, which spans 15 812 

evenly spaced points along the longitude-latitude axis, with the first point at 118°W, 813 

22°N and the 15th point at 180°E, 5°N. (c) As (b) but for DJF SST of the subsequent 814 

year (shaded, unit: K). Stippling in (b) and (c) indicates statistical significance at the 815 

95% confidence level 816 

 817 

Fig. 2 Composites of SST (shaded, unit: K), surface wind (vectors, unit: m·s-1) and SLP 818 

(contours, interval: 0.8 hPa) anomalies for NPO-ENSO events (left panel) and NPO-819 

NONE events (right panel), respectively. Stippling in shaded and purple color in line 820 

indicate statistical significance at the 95% confidence level, and horizontal wind 821 

anomalies with only confidence levels above 95% are shown 822 

 823 

Fig. 3 Temporal evolution of composite SST (shaded, unit: K), latent heat flux (LHF, 824 

contours, interval: 2 W·m-2), and horizontal wind (vectors, unit: m·s-1) anomalies along 825 

the propagation path illustrated in Fig. 1b (from Nov (0) to Jun) for NPO-ENSO events 826 

(left panel) and NPO-NONE events (right panel), respectively. Values at each point are 827 

smoothed with a 3-month running average, and the regional average of 9 grid points 828 

centered on each point is applied. For LHF and horizontal wind anomalies, only values 829 

with confidence levels above 95% are shown, crosses indicate regions where SST 830 

anomalies are statistically significant at the 95% confidence level 831 

 832 

Fig. 4 Composites of Z (shaded, unit: gpm) and horizontal wind (vectors, unit: m·s-1) 833 

anomalies at 300 hPa for NPO-ENSO events (left panel) and NPO-NONE events (right 834 

panel), respectively. Stippling indicates statistical significance at the 95% confidence 835 

level, and horizontal wind anomalies are shown with only confidence levels above 95% 836 

 837 
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Fig. 5 Composites of stream function (shaded, unit: 107 m2·s-1) and WAF (vectors, unit: 838 

m2·s-2) anomalies at 300 hPa for NPO-ENSO events (left panel) and NPO-NONE 839 

events (right panel), respectively. Stippling indicates statistical significance at the 95% 840 

confidence level and vectors with magnitude below 1 m2·s-2 are masked out 841 

 842 

Fig. 6 Composites of vertical easterly shear [U300hPa-850hPa - U850hPa-1000hPa] (contours, 843 

interval: 2 m·s-1), with red contours indicating statistical significance at the 95% 844 

confidence level, moisture flux anomaly averaged from 1000-850 hPa (vector, unit: g·s-845 

1·cm-1), only confidence levels above 95% are shown, and moisture flux divergence 846 

anomaly averaged from 1000-850 hPa (shaded, unit: 10-4 g·s-1·cm-2), with stippling 847 

indicating statistical significance at the 95% confidence level. The left panel represents 848 

NPO-ENSO events, and the right panel represents NPO-NONE events 849 

 850 

Fig. 7 Regression coefficients and their confidence intervals from the logistic 851 

regression model. The dependent variable is ENSO occurrence (0/1). From top to 852 

bottom, the predictors on the y-axis are meridional WAF intensity, the latitude of the 853 

southern low-pressure center (defined as positive when displaced southward relative to 854 

the standardized NPO pattern), central sea level pressure, axis tilt, and the zonal-to-855 

meridional aspect ratio. All predictors are standardized using the training dataset 856 

(standard deviation σ = 1). The x-axis represents the change in the log-odds of ENSO 857 

occurrence associated with a one-standard-deviation increase in each predictor. Dots 858 

denote the maximum likelihood estimates (MLEs). Thin gray error bars indicate ±1.96 859 

standard errors (approximately corresponding to the 95% two-sided confidence 860 

intervals), while thick black error bars indicate ±1.645 standard errors (approximately 861 

corresponding to the 90% two-sided confidence intervals). The vertical dashed line 862 

denotes zero effect; positive (negative) coefficients indicate an increase (decrease) in 863 

the probability of ENSO = 1 864 

 865 

Fig. 8 Composites of ܳௗ̅̅̅̅  anomalies at 1000 hPa (contour, interval: 2×10⁻⁶ K·s⁻¹) and 866 

THF anomalies (shaded, unit: W·m⁻²) for NPO–ENSO events (left panel) and NPO–867 

NONE events (right panel). Stippling marks regions significant at the 95% confidence 868 

level 869 

 870 
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Fig. 9 Latitude-altitude sections of the composite ܳௗ̅̅̅̅   (left panel, unit: 10-6 K·s-1), 871 ܳ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅̅   (middle panel, unit: 10-6 K·s-1), and ܨ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅  (right panel, unit: 10-11 s-1) 872 

anomalies for NPO-ENSO events from Dec (0) to Feb, averaged between 160°E-240°E. 873 

Stippling indicates statistical significance at the 95% confidence level 874 

 875 

Fig. 10 Composite meridional distributions of anomalous SST (red solid line, unit: 10-876 

6·s-1), -∂SST/∂y (purple dashed line, units: 10-6K·m-1), 1000 hPa ܳௗ̅̅̅̅  (green solid line, 877 

units: 10-6K·s-1) and 850 hPa EGR (orange solid line, units: 10-6·s-1) in February, 878 

averaged over the 160°E–140°W sector for the NPO–ENSO events. The two shaded 879 

orange bands indicate the climatological Subtropical Frontal Zone (STFZ) and 880 

Subarctic Frontal Zone (SAFZ), respectively. (b) Same as in (a), but for the NPO–881 

NONE events 882 

 883 

Fig. 11 Latitude-altitude sections of the composite geopotential tendencies (unit: 10-4 884 

m2·s-3) induced by 1ܨ (first panel), 2ܨ(second panel) and 3ܨ(third panel), as well as 885 

Z anomaly (fourth panel, unit: gpm) for NPO-ENSO events from Dec (0) to Feb. All 886 

the variables are averaged between 160°E-240°E and stippling indicates statistical 887 

significance at the 95% confidence level 888 

 889 

Fig. 12 Composites of geopotential tendencies (shaded, unit: 10-3 m2·s-3) induced by 890 1ܨ at 1000 hPa (left panel) and 3ܨ at 300 hPa (right panel), with stippling indicating 891 

statistical significance at the 95% confidence level, and Z anomaly at 1000 hPa and 300 892 

hPa (contours, interval: 8 gpm), with purple contours indicating statistical significance 893 

at the 95% confidence level. The first three rows correspond to NPO-ENSO events, 894 

while the last three rows correspond to NPO-NONE events 895 

 896 

Fig. 13 Same as Fig. 9, but for NPO-NONE events  897 

 898 

Fig. 14 Same as Fig. 11, but for NPO-NONE events 899 

 900 

901 
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Figures 902 

  903 

Fig. 1 (a) Lead-lag correlations between the NPO index and different Niño indices. The 904 

x-axis represents the lead-lag in months, with positive (negative) values indicating that 905 

ENSO lags (leads) the NPO index. The solid line indicates that the correlation is 906 

significant at the 95% confidence level. (b) Regression of the winter (DJF) NPO index 907 

on concurrent SST (shaded, unit: K) and SLP (contours, interval: 0.4 hPa) anomalies. 908 

The red line represents the Hovmöller transect path shown in Fig. 3, which spans 15 909 

evenly spaced points along the longitude-latitude axis, with the first point at 118°W, 910 

22°N and the 15th point at 180°E, 5°N. (c) As (b) but for DJF SST of the subsequent 911 

year (shaded, unit: K). Stippling in (b) and (c) indicates statistical significance at the 912 

95% confidence level 913 
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 914 

Fig. 2 Composites of SST (shaded, unit: K), surface wind (vectors, unit: m·s-1) and SLP 915 

(contours, interval: 0.8 hPa) anomalies for NPO-ENSO events (left panel) and NPO-916 

NONE events (right panel), respectively. Stippling in shaded and purple color in line 917 

indicate statistical significance at the 95% confidence level, and horizontal wind 918 

anomalies with only confidence levels above 95% are shown 919 
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 920 

Fig. 3 Temporal evolution of composite SST (shaded, unit: K), latent heat flux (LHF, 921 

contours, interval: 2 W·m-2), and horizontal wind (vectors, unit: m·s-1) anomalies along 922 

the propagation path illustrated in Fig. 1b (from Nov (0) to Jun) for NPO-ENSO events 923 

(left panel) and NPO-NONE events (right panel), respectively. Values at each point are 924 

smoothed with a 3-month running average, and the regional average of 9 grid points 925 

centered on each point is applied. For LHF and horizontal wind anomalies, only values 926 

with confidence levels above 95% are shown, crosses indicate regions where SST 927 

anomalies are statistically significant at the 95% confidence level 928 
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 929 

Fig. 4 Composites of Z (shaded, unit: gpm) and horizontal wind (vectors, unit: m·s-1) 930 

anomalies at 300 hPa for NPO-ENSO events (left panel) and NPO-NONE events (right 931 

panel), respectively. Stippling indicates statistical significance at the 95% confidence 932 

level, and horizontal wind anomalies are shown with only confidence levels above 95% 933 
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 934 

Fig. 5 Composites of stream function (shaded, unit: 107 m2·s-1) and WAF (vectors, unit: 935 

m2·s-2) anomalies at 300 hPa for NPO-ENSO events (left panel) and NPO-NONE events 936 

(right panel), respectively. Stippling indicates statistical significance at the 95% 937 

confidence level and vectors with magnitude below 1 m2·s-2 are masked out 938 
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 939 

Fig. 6 Composites of vertical easterly shear [U300hPa-850hPa - U850hPa-1000hPa] (contours, 940 

interval: 2 m·s-1), with red contours indicating statistical significance at the 95% 941 

confidence level, moisture flux anomaly averaged from 1000-850 hPa (vector, unit: g·s-942 

1·cm-1), only confidence levels above 95% are shown, and moisture flux divergence 943 

anomaly averaged from 1000-850 hPa (shaded, unit: 10-4 g·s-1·cm-2), with stippling 944 

indicating statistical significance at the 95% confidence level. The left panel represents 945 

NPO-ENSO events, and the right panel represents NPO-NONE events 946 

 947 
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 948 

Fig. 7 Regression coefficients and their confidence intervals from the logistic 949 

regression model. The dependent variable is ENSO occurrence (0/1). From top to 950 

bottom, the predictors on the y-axis are meridional WAF intensity, the latitude of the 951 

southern low-pressure center (defined as positive when displaced southward relative to 952 

the standardized NPO pattern), central sea level pressure, axis tilt, and the zonal-to-953 

meridional aspect ratio. All predictors are standardized using the training dataset 954 

(standard deviation σ = 1). The x-axis represents the change in the log-odds of ENSO 955 

occurrence associated with a one-standard-deviation increase in each predictor. Dots 956 

denote the maximum likelihood estimates (MLEs). Thin gray error bars indicate ±1.96 957 

standard errors (approximately corresponding to the 95% two-sided confidence 958 

intervals), while thick black error bars indicate ±1.645 standard errors (approximately 959 

corresponding to the 90% two-sided confidence intervals). The vertical dashed line 960 

denotes zero effect; positive (negative) coefficients indicate an increase (decrease) in 961 

the probability of ENSO = 1 962 
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 963 

Fig. 8 Composites of ܳௗ̅̅̅̅  anomalies at 1000 hPa (contour, interval: 2×10⁻⁶ K·s⁻¹) and 964 

THF anomalies (shaded, unit: W·m⁻²) for NPO–ENSO events (left panel) and NPO–965 

NONE events (right panel). Stippling marks regions significant at the 95% confidence 966 

level 967 

 968 



40 

 

 969 

Fig. 9 Latitude-altitude sections of the composite ܳௗ̅̅̅̅   (left panel, unit: 10-6 K·s-1), 970 ܳ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅̅   (middle panel, unit: 10-6 K·s-1), and ܨ௘ௗௗ௬̅̅ ̅̅ ̅̅ ̅  (right panel, unit: 10-11 s-1) 971 

anomalies for NPO-ENSO events from Dec (0) to Feb, averaged between 160°E-240°E. 972 

Stippling indicates statistical significance at the 95% confidence level 973 

974 
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 975 
Fig. 10 Composite meridional distributions of anomalous SST (red solid line, unit: 10-976 

6·s-1), -∂SST/∂y (purple dashed line, units: 10-6K·m-1), 1000 hPa ܳௗ̅̅̅̅  (green solid line, 977 

units: 10-6K·s-1) and 850 hPa EGR (orange solid line, units: 10-6·s-1) in February, 978 

averaged over the 160°E–140°W sector for the NPO–ENSO events. The two shaded 979 

orange bands indicate the climatological Subtropical Frontal Zone (STFZ) and 980 

Subarctic Frontal Zone (SAFZ), respectively. (b) Same as in (a), but for the NPO–981 

NONE events 982 

983 
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 984 

Fig. 11 Latitude-altitude sections of the composite geopotential tendencies (unit: 10-4 985 

m2·s-3) induced by 1ܨ (first panel), 2ܨ(second panel) and 3ܨ(third panel), as well as 986 

Z anomaly (fourth panel, unit: gpm) for NPO-ENSO events from Dec (0) to Feb. All 987 

the variables are averaged between 160°E-240°E and stippling indicates statistical 988 

significance at the 95% confidence level 989 
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 990 

Fig. 12 Composites of geopotential tendencies (shaded, unit: 10-3 m2·s-3) induced by 991 1ܨ at 1000 hPa (left panel) and 3ܨ at 300 hPa (right panel), with stippling indicating 992 

statistical significance at the 95% confidence level, and Z anomaly at 1000 hPa and 300 993 

hPa (contours, interval: 8 gpm), with purple contours indicating statistical significance 994 

at the 95% confidence level. The first three rows correspond to NPO-ENSO events, 995 

while the last three rows correspond to NPO-NONE events 996 
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 997 

Fig. 13 Same as Fig. 9, but for NPO-NONE events  998 
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 999 

Fig. 14 Same as Fig. 11, but for NPO-NONE events 1000 
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