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S1. Data provenance and processing
Six climate-index series were obtained as CF-1.6 NetCDF records from NOAA archives and contributing data providers. Table S1 documents the index definitions, sources, reference periods, temporal coverage and valid sample counts. Niño-3.4 is a precomputed weekly SST-anomaly index derived from OISST; it was not recalculated from gridded SST fields.

Table S1. Sources, definitions, reference periods and temporal coverage of the six climate-index records.
	Index
	Definition
	Source
	Reference period
	Coverage
	Resolution and n

	Niño-3.4
	SST anomaly, 5° S–5° N, 170°–120° W
	NOAA OISST-derived index
	1991–2020 SST climatology
	6 Sep 1981–30 Aug 2026
	2,348 weekly; 540 monthly

	SOI
	Standardised Tahiti–Darwin sea-level-pressure difference
	NOAA/CPC
	Not specified in NetCDF metadata
	Jan 1951–Jul 2026
	907 monthly

	PDO
	North Pacific SST-variability index, north of 20° N
	UW/JISAO
	Not specified in NetCDF metadata
	Jan 1854–Jul 2026
	2,071 monthly

	PNA
	Pacific–North American circulation-pattern index
	NOAA/CPC
	1950–2000 (CPC definition)
	Jan 1950–Aug 2026
	920 monthly

	NAO
	North Atlantic Oscillation pattern index
	NOAA/CPC
	1950–2000 (CPC definition)
	Jan 1950–Aug 2026
	920 monthly

	AO
	Arctic Oscillation pattern index
	NOAA/CPC
	1979–2000 (CPC definition)
	Jan 1950–Aug 2026
	920 monthly


Note. Niño-3.4 is a precomputed weekly OISST-based anomaly index referenced to the 1991–2020 climatology and was aggregated to calendar months (2,348 weekly observations; 540 monthly values). Reference periods for PNA, NAO and AO follow the provider definitions and are not recorded in the supplied NetCDF metadata; no reference period is specified in the SOI or PDO metadata. All six files contain one-dimensional index series. Missing SOI values before January 1951 were excluded from the valid sample count. Index values for 2026 were preliminary at the August 2026 cutoff.
Weekly Niño-3.4 anomalies were linearly interpolated to a daily grid and then averaged over calendar months, producing 540 monthly values (September 1981–August 2026). The centred three-month mean contains 538 values (October 1981–July 2026); its July 2026 value averages June–August 2026. JJA, SON and DJF averages were calculated only when all three constituent months were available. DJF is indexed by its January year. The centred 25-month PDO smooth in Fig. 4a is descriptive and was not used in inference.
Niño-3.4 anomalies use a fixed 1991–2020 climatology and are not the operational ONI. Accordingly, the ENSO magnitude classes and episode-duration criterion used in the manuscript are study-specific applications to this series. At the August 2026 cutoff, only four consecutive overlapping three-month anomalies met the +0.5 °C threshold; the developing 2026 episode therefore had not yet satisfied the five-season duration criterion. All 2026 index values were treated as preliminary.

S2. Analysis samples
Samples differ according to index availability and the alignment of developing seasons with completed winters (Table S2). Winter 2026/27 was not observed at the August 2026 cutoff and was excluded from every historical winter correlation, regression and hindcast. By contrast, DJF 2026 denotes December 2025–February 2026 and belongs to the completed historical sample.

Table S2. Historical samples, temporal alignment and treatment of the developing 2026 event in each analysis.
	Analysis
	Reference observations
	Treatment of 2026
	Main-text location

	March–August development
	44 years, 1982–2025 (45 years with 2026)
	Ranked against historical years
	Section 3.2; Fig. 3; Table 3

	Niño-3.4–PDO phase space
	531 paired historical months, Oct 1981–Dec 2025
	Jan–Jul 2026 shown separately; 538 paired months in full record
	Section 3.3; Fig. 4b

	PDO time series
	Jan 1854–Jul 2026
	July 2026 plotted
	Section 3.3; Fig. 4a

	Monthly lead–lag correlations
	Available monthly pairs, varying by lag and index
	Observed 2026 months included where available
	Section 3.4; Figs. 5a, S2

	Seasonal correlations
	JJA–DJF: 44 pairs; SON–DJF and DJF–DJF: 45 pairs
	Winter 2026/27 excluded
	Section 3.4; Fig. 5b; Table S3

	PDO interaction and winter composites
	45 completed winters, DJF 1982–2026
	Winter 2026/27 excluded
	Section 3.4; Tables 4–6; Figs. 5c, S4–S5

	Winter correlation robustness
	45 winters; 44 excluding DJF 1991/92
	Winter 2026/27 excluded
	Section 3.6; Fig. 7; Table S4

	JJA–DJF persistence
	44 pairs, developing years 1982–2025; 29 hindcasts, 1997–2025
	JJA 2026 evaluated outside calibration range
	Section 3.5; Fig. 6


Note. The phase-space analysis includes 531 paired months from October 1981–December 2025 and seven paired months from January–July 2026 (538 total). The three historical reference events (1982/83, 1997/98 and 2015/16) were selected using event-peak three-month Niño-3.4 anomalies ≥ +2.0 °C; only 1982/83 and 2015/16 have DJF seasonal means ≥ +2.0 °C. Consecutive monthly phase-space observations are not independent events.
S3. Statistical results
Table S3 provides the nine seasonal Pearson correlations and their Benjamini–Hochberg-adjusted q-values. Two-sided significance was assessed using 20,000 three-year block permutations, with the multiple-testing adjustment applied jointly to the nine seasonal tests. The separate monthly lead–lag analysis (Fig. S2) used circular shifts and adjusted across 39 lag–index tests.

Table S3. Seasonal Pearson correlations between Niño-3.4 anomalies and subsequent or concurrent winter PNA, NAO and AO indices, with Benjamini–Hochberg-adjusted q-values in parentheses.
	Niño-3.4 predictor
	n
	PNA: r (q)
	NAO: r (q)
	AO: r (q)

	JJA of developing year
	44
	+0.551 (0.001)
	+0.058 (0.782)
	−0.165 (0.625)

	SON of developing year
	45
	+0.593 (0.001)
	+0.052 (0.782)
	−0.140 (0.625)

	DJF concurrent
	45
	+0.562 (0.001)
	+0.040 (0.782)
	−0.078 (0.782)


Note. JJA correlations use 44 developing-year/winter pairs (1982–2025); SON and concurrent DJF correlations use 45 completed winters. Winter 2026/27 is excluded. q-values are from two-sided permutation tests (20,000 three-year block permutations) adjusted jointly across the nine seasonal tests; significance is defined as q < 0.05. Only the three PNA associations meet this criterion.
Sampling uncertainty in the concurrent DJF Niño-3.4–PNA correlation was assessed by circular moving-block bootstrap resampling of paired annual observations. For each block length (two to five years), 10,000 bootstrap replicates were generated and percentile-based 95% confidence intervals were calculated for the complete sample and the sample excluding DJF 1991/92 (Table S4).

Table S4. Sensitivity of the concurrent winter Niño-3.4–PNA correlation to bootstrap block length and to exclusion of DJF 1991/92.
	Block length (years)
	Full sample r (n=45)
	Full sample 95% CI
	Excluding 1991/92 r (n=44)
	Excluding 1991/92 95% CI

	2
	0.562
	0.358–0.731
	0.556
	0.338–0.728

	3
	0.562
	0.364–0.732
	0.556
	0.342–0.735

	4
	0.562
	0.399–0.718
	0.556
	0.380–0.720

	5
	0.562
	0.411–0.721
	0.556
	0.399–0.718


Note. Entries are Pearson correlations for the complete 45-winter sample (r = 0.562) and the 44-winter sample excluding DJF 1991/92 (r = 0.556), with percentile-based 95% confidence intervals from 10,000 circular moving-block bootstrap replicates per block length and sample. Paired winter observations were resampled together to preserve their within-year association. All eight intervals exclude zero. The intervals quantify uncertainty in the correlation coefficient, not in the PDO interaction effect. Random seeds are specified in the analysis code.
S4. Supplementary figures
Figures S1–S5 document recent climate-index evolution, monthly lead–lag correlations, the concurrent winter Niño-3.4–PNA association, circulation-index distributions across DJF Niño-3.4 classes, and fitted conditional relationships from the PDO interaction model.
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Figure S1. Monthly evolution of six climate indices from January 2024 to August 2026. Panels show, from top to bottom, Niño-3.4 SST anomalies (monthly values and the centred three-month running mean), SOI, PDO, PNA, NAO and AO. The shaded interval identifies March–August 2026, the period used to assess the intensification of the developing event. Niño-3.4, PNA, NAO and AO extend through August 2026, whereas SOI and PDO observations end in July 2026; the centred three-month Niño-3.4 mean is available through July 2026 because its calculation requires the following month. The figure provides temporal context for the rapid tropical Pacific warming and concurrent negative PDO conditions and does not imply a causal relationship between the indices.
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Figure S2. Monthly lead–lag correlations between Niño-3.4 and Northern Hemisphere atmospheric circulation indices. Pearson correlations are shown between the trailing three-month Niño-3.4 mean and monthly PNA, NAO and AO at lags from −6 to +6 months. Positive lags indicate that the atmospheric index follows Niño-3.4, negative lags that it precedes Niño-3.4, and zero denotes contemporaneous observations. Significance was assessed using circular shifts of the atmospheric series, followed by Benjamini–Hochberg adjustment across 39 tests (13 lags for each of three indices); open markers identify correlations significant at . The PNA correlations at lags +2 and +3 months reached approximately +0.22 and remained significant after adjustment (); no NAO or AO correlation met the criterion. The lag structure describes temporal statistical associations rather than physical propagation times.


[image: ]
Figure S3. Concurrent winter Niño-3.4–PNA relationship across 45 completed DJF seasons (DJF 1982–2026, labelled by January year). The horizontal axis shows the DJF-mean Niño-3.4 anomaly (°C) and the vertical axis the DJF-mean PNA index. The solid line is the ordinary least-squares fit (Pearson ). Stars identify the two winters with DJF-mean Niño-3.4 anomalies of at least +2.0 °C (1982/83 and 2015/16); 1997/98 is included among the high-amplitude events on the basis of its peak three-month anomaly, but its DJF mean (+1.979 °C) falls below the seasonal threshold. The relationship is a concurrent historical association and not a prospective prediction model.
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Figure S4. Distribution of winter circulation indices across DJF Niño-3.4 magnitude classes: (a) PNA, (b) NAO and (c) AO for 45 completed winters grouped by the DJF-mean Niño-3.4 anomaly. Classes are cold (≤ −0.5 °C), neutral (−0.5 to < +0.5 °C), weak warm (+0.5 to < +1.0 °C), moderate warm (+1.0 to < +1.5 °C), strong warm (+1.5 to < +2.0 °C) and very strong warm (≥ +2.0 °C), as defined in Section 2.3. Bars show class means, error bars one sample standard deviation where calculable, and points individual winters; class sizes are given above the bars and correspond to Table 4. The moderate-warm class contains one winter and the very strong warm class two. The distributions are descriptive and do not establish statistically significant differences between classes.
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Figure S5. Conditional winter Niño-3.4–PNA relationships under different developing-season PDO conditions, from the OLS interaction model relating DJF PNA to centred DJF Niño-3.4, centred preceding March–July PDO and their interaction (Eq. 7). Lines show the fitted relationship at the 25th percentile (PDO = −0.943), median (−0.068) and 75th percentile (+0.699) of the historical March–July PDO distribution; grey points are the 45 observed winters (1982–2026). Standard errors use the Newey–West HAC covariance estimator with a three-year truncation lag. The interaction coefficient is positive () but not significant (HAC ); differences among the fitted slopes therefore illustrate the estimated interaction rather than established PDO modulation. Because DJF Niño-3.4 is a contemporaneous predictor, these relationships describe historical associations rather than prospective forecasts.
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