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Supplementary Material
Supplementary Figure S1
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Figure S1. Vertical structure of the WTV signature in ERA5 in summer during 1979–2023. Zonal-wind anomalies regressed onto the standardised JJA KZI, averaged over 52.5–93.75°E (m s⁻¹ per ): the WTV dipole is deep and equivalent-barotropic. The KZI definition bands (, ) are marked.
Supplementary Figure S2
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Figure S2. Monthly coupling calendar with the KZI during 1979–2023. (a) Detrended correlations between the monthly KZI and the SAH centre latitude and longitude (100 and 200 hPa) and the 100-hPa SAH intensity, by calendar month. (b) As in (a), but for the jet axis latitude, the jet axis speed and the 30–50°N band-mean westerly wind. Filled markers denote p < 0.05; the shading marks the SAH season (May–September, as in Figure 2c), outside which the 16,720-gpm contour is absent and the centre and intensity indices describe the subtropical height maximum rather than the SAH; the off-season values are shown for completeness and are not interpreted as SAH–WTV coupling.
Supplementary Figure S3
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Figure S3. The warm column underlying the South Asian high in summer during 1979–2023. (a) Climatological JJA temperature deviation from the zonal mean (K, shading) averaged over 60–100°E; the vermillion and magenta dashed lines mark the climatological SAH centre latitude at 100 hPa and the subtropical jet axis latitude, respectively, and the grey shading at the bottom marks the mean surface pressure over 60–100°E. (b) Detrended and standardised JJA anomalies of the SAH intensity against the warm-column temperature (400–200 hPa, 10–30°N, 60–100°E). (c) As in (b), but for the warm-column temperature against the NIO SST index (vermillion circles) and the South Asian monsoon rainfall (5–30°N, 70–100°E; teal squares). An asterisk denotes p < 0.05.
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[bookmark: OLE_LINK62][bookmark: OLE_LINK59]Figure S4. Monthly-scale diagnostics of the western centre during 1979–2023. (a) Monthly dual-centre frequency by level and calendar month; (b) monthly KZI versus the west–east contrast at 200 hPa (dual-centre months in vermillion; the in-panel annotation gives the dual- versus single-centre KZI difference test); (c) monthly KZI–contrast coupling by level and calendar month; (d) composite 200-hPa height difference between dual-centre and single-centre months (the in-panel annotation gives its pattern correlation with the KZI regression map).
Supplementary Figure S5
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Figure S5. The pure-WTV index and its circulation structure in summer during 1979–2023. (a) The raw KZI and KZIpure (the SAH centre-latitude component removed by regression), both detrended. (b)–(e) Regression of the JJA 200 hPa wind (b, c; shading: u; vectors: u, v; arrow width proportional to speed) and geopotential height (d, e) onto the raw KZI (b, d) and KZIpure (c, e); maximum wind amplitudes and raw–pure pattern correlations are annotated.
Supplementary Figure S6
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Figure S6. The ridge coupling and the SAH centre longitude in summer during 1979–2023. (a) The summer-mean 200-hPa SAH centre longitude against the west–east contrast index (both detrended), with the least-squares fit in vermillion; the correlations at all three levels are annotated. (b) Partial correlations between the contrast and the KZI with the SAH centre latitude, the centre longitude, or both controlled (bars, by level); the dashed line marks the raw correlation. An asterisk denotes p < 0.05.
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[bookmark: OLE_LINK9]Figure S7. Vorticity-budget support for the western-centre identification in summer during 1979-2023. (a, c) High-minus-low composite anomalies of relative vorticity (shading, 10⁻⁶ s⁻¹) and wind (vectors; width proportional to speed) at 200 and 100 hPa; (b) 200 hPa maintenance-advection anomaly  (shading, 10⁻¹¹ s⁻²) with the KZI-consistent wind contribution (contours); (d) projection of the budget terms onto the ridge anomaly at the two levels (, 10⁻⁶ s⁻¹; positive = maintains; the propagation and stretching terms at 200 hPa,  = −8.2 and −9.6, and the stretching term at 100 hPa,  = −20.2, are off scale). Dashed box: the ridge region (25–45°N, 20–70°E).
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Figure S8. CMIP6 evaluation of the full seven-link coupling pathway in summer during 1979–2014. (a) Cross-model distributions of the seven links (conventions as in Figure 13), including the three NIO forcing links verified in the companion study; colours group the KZI–SAH (red), jet (green) and NIO (blue) links, and the annotations give the share of models with the observed sign. (b–d) Cross-model structure tests among the link strengths: models with a tighter SAH–jet binding also simulate a stronger KZI–jet coupling (c; R = +0.38, p = 0.006), whereas the SAH–KZI and NIO–KZI link-pair tests are positive but non-significant (b, d; +0.21 and +0.19). Stars mark the ERA5 values.




Supplementary Table S1
Table S1. CMIP6 historical simulations used in this study (one member per model) and the seven diagnosed links of the coupling pathway in summer during 1979–2014.
	Model
	kzi–clat
	kzi–clon
	kzi–jet
	clat–jet
	nio–kzi
	nio–clat
	nio–jet

	ACCESS-CM2
	+0.88
	−0.51
	+0.18
	+0.18
	−0.54
	−0.57
	−0.15

	ACCESS-ESM1-5
	+0.45
	−0.60
	+0.43
	+0.44
	−0.23
	−0.31
	−0.42

	AWI-CM-1-1-MR
	+0.79
	−0.58
	+0.21
	+0.16
	−0.56
	−0.62
	+0.05

	AWI-ESM-1-1-LR
	+0.18
	−0.39
	+0.05
	+0.63
	−0.19
	−0.04
	−0.06

	BCC-CSM2-MR
	+0.58
	−0.45
	+0.78
	+0.53
	−0.14
	−0.46
	−0.14

	BCC-ESM1
	+0.42
	−0.41
	+0.55
	+0.27
	−0.21
	+0.01
	−0.25

	CAMS-CSM1-0
	+0.69
	−0.64
	+0.65
	+0.53
	−0.31
	−0.45
	−0.37

	CAS-ESM2-0
	−0.24
	+0.12
	+0.28
	+0.07
	−0.02
	−0.17
	−0.23

	CESM2
	+0.74
	−0.67
	+0.32
	+0.25
	−0.67
	−0.62
	−0.24

	CESM2-FV2
	+0.72
	−0.52
	+0.55
	+0.45
	−0.69
	−0.78
	−0.22

	CESM2-WACCM
	−0.05
	−0.08
	+0.36
	+0.11
	−0.56
	−0.06
	−0.04

	CESM2-WACCM-FV2
	+0.68
	−0.81
	+0.35
	+0.27
	−0.64
	−0.54
	−0.36

	CIESM
	+0.38
	−0.65
	+0.66
	+0.32
	−0.63
	−0.63
	−0.35

	CMCC-CM2-HR4
	+0.58
	−0.37
	+0.70
	+0.44
	−0.28
	−0.50
	−0.07

	CMCC-CM2-SR5
	+0.78
	−0.59
	+0.51
	+0.25
	−0.33
	−0.47
	−0.12

	CMCC-ESM2
	+0.54
	−0.72
	+0.45
	−0.15
	−0.64
	−0.65
	−0.16

	CanESM5
	+0.79
	−0.65
	+0.78
	+0.51
	−0.56
	−0.65
	−0.22

	E3SM-2-0
	+0.70
	−0.45
	+0.77
	+0.61
	−0.43
	−0.49
	−0.38

	EC-Earth3-AerChem
	+0.79
	−0.35
	+0.52
	+0.21
	−0.58
	−0.78
	−0.01

	EC-Earth3-CC
	+0.70
	−0.48
	+0.47
	+0.14
	−0.67
	−0.74
	−0.17

	EC-Earth3-Veg-LR
	+0.70
	−0.49
	+0.46
	+0.30
	−0.70
	−0.74
	−0.20

	FGOALS-f3-L
	+0.76
	−0.47
	+0.42
	+0.21
	−0.54
	−0.78
	−0.08

	FGOALS-g3
	+0.39
	+0.15
	+0.67
	+0.05
	−0.40
	−0.49
	−0.27

	FIO-ESM-2-0
	+0.62
	−0.30
	+0.74
	+0.34
	−0.33
	−0.52
	−0.16

	GFDL-CM4
	+0.58
	−0.54
	+0.72
	+0.35
	−0.32
	−0.62
	−0.31

	GFDL-ESM4
	+0.09
	−0.15
	+0.77
	+0.21
	−0.55
	−0.07
	−0.38

	GISS-E2-1-G
	+0.42
	−0.51
	+0.41
	+0.18
	−0.49
	−0.35
	−0.49

	GISS-E2-1-G-CC
	+0.51
	−0.53
	+0.52
	+0.11
	−0.59
	−0.69
	−0.18

	GISS-E2-1-H
	+0.31
	−0.08
	+0.63
	+0.14
	−0.54
	−0.33
	−0.44

	GISS-E2-2-G
	+0.33
	−0.35
	+0.03
	+0.15
	−0.14
	−0.45
	−0.14

	GISS-E2-2-H
	+0.46
	−0.43
	+0.74
	+0.47
	−0.20
	−0.52
	−0.10

	HadGEM3-GC31-LL
	+0.75
	−0.52
	+0.24
	+0.23
	−0.57
	−0.46
	+0.01

	HadGEM3-GC31-MM
	+0.73
	−0.50
	+0.68
	+0.48
	−0.46
	−0.68
	−0.41

	ICON-ESM-LR
	+0.49
	−0.35
	+0.05
	+0.13
	−0.28
	−0.14
	+0.22

	IITM-ESM
	+0.51
	−0.28
	+0.19
	+0.42
	−0.42
	−0.37
	−0.07

	INM-CM4-8
	+0.19
	−0.03
	−0.04
	+0.48
	+0.18
	−0.22
	−0.01

	INM-CM5-0
	+0.23
	−0.07
	+0.28
	+0.46
	−0.05
	−0.32
	−0.11

	IPSL-CM6A-LR
	+0.75
	−0.65
	+0.72
	+0.38
	−0.53
	−0.65
	−0.27

	IPSL-CM6A-LR-INCA
	+0.81
	−0.59
	+0.73
	+0.71
	−0.40
	−0.67
	−0.26

	KACE-1-0-G
	+0.78
	−0.30
	+0.47
	+0.36
	−0.42
	−0.33
	+0.02

	KIOST-ESM
	+0.74
	−0.57
	+0.84
	+0.54
	−0.48
	−0.67
	−0.41

	MIROC-ES2L
	+0.68
	−0.68
	+0.61
	+0.55
	−0.51
	−0.66
	−0.45

	MIROC6
	+0.76
	−0.42
	+0.81
	+0.57
	−0.64
	−0.77
	−0.50

	MPI-ESM-1-2-HAM
	+0.35
	−0.49
	+0.18
	+0.31
	−0.63
	−0.37
	−0.18

	MRI-ESM2-0
	+0.72
	−0.60
	+0.75
	+0.48
	−0.29
	−0.69
	−0.23

	NESM3
	+0.53
	−0.34
	+0.56
	+0.14
	−0.45
	−0.33
	−0.14

	NorCPM1
	+0.76
	−0.49
	+0.57
	+0.41
	−0.32
	−0.46
	−0.05

	NorESM2-LM
	+0.84
	−0.48
	+0.21
	+0.11
	−0.74
	−0.65
	−0.24

	NorESM2-MM
	+0.83
	−0.51
	+0.17
	+0.11
	−0.73
	−0.79
	−0.11

	SAM0-UNICON
	+0.60
	−0.53
	+0.64
	+0.21
	−0.52
	−0.51
	−0.34

	TaiESM1
	+0.77
	−0.60
	+0.49
	+0.40
	−0.66
	−0.52
	−0.09

	UKESM1-0-LL
	+0.69
	−0.63
	+0.60
	+0.43
	−0.38
	−0.24
	−0.24

	UKESM1-1-LL
	+0.66
	−0.44
	+0.34
	+0.26
	−0.50
	−0.43
	−0.22





Supplementary Table S2
Table S2. Statistics of the coupling pathway and the warm-column diagnostics in summer during 1979–2023 
	Quantity
	Value
	p or 95% CI

	A. Warm-column diagnostics (Figure S3)

	Warm-column temperature vs SAH intensity
	+0.96
	<0.001

	Warm-column temperature vs southern boundary (100 hPa)
	−0.95
	<0.001

	Warm-column temperature vs centre latitude (100 / 200 hPa)
	−0.23 / −0.17
	n.s.

	Warm-column temperature vs NIO SST
	+0.62
	<0.001

	Warm-column temperature vs monsoon rainfall
	+0.25
	0.1

	Warm column regressed on NIO SST and rainfall jointly
	β* = +0.60 / +0.18
	<0.001 / n.s.; R² = 41%

	B. SAH–jet link (Figure 6)

	Centre latitude (200 / 100 hPa) vs jet-axis latitude
	+0.50 / +0.78
	<0.001 / <0.001

	Centre longitude (200 hPa) vs jet-axis latitude
	−0.48
	<0.001

	Jet-axis latitude vs northern / southern boundary
	+0.50 / +0.21
	<0.001 / n.s.

	Centre latitude (200 hPa) vs jet-axis speed
	+0.38
	0.011

	Intensity / area vs jet-axis latitude
	−0.04 / +0.02
	n.s.

	Latitude of maximum  vs jet-axis latitude
	+0.94
	<0.001

	Geostrophic vs observed jet-axis speed
	+0.99
	<0.001

	C. Jet–WTV link (Figure 5)

	KZI vs jet-axis latitude
	+0.73
	<0.001

	Summer KZI variance explained: jet / SAH position / joint
	75.8% / 52.8% / 81.6%
	—

	Incremental R²: SAH position beyond jet / jet beyond SAH position
	+5.8% / +28.8%
	—

	Partial correlation: KZI–jet-axis latitude given SAH position
	+0.56
	<0.001

	KZI vs centre latitude (200 hPa): raw / given the jet
	+0.61 / +0.42
	<0.001 / 0.004

	Mediation share: centre latitude → jet → KZI
	46% [8–89%]
	95% CI

	Mediation share: NIO → jet → KZI
	42% [18–73%]
	95% CI

	D. KZI box decomposition (200-hPa box-mean winds; Figures 7 and 9)

	Southern-box wind vs centre latitude (200 hPa)
	−0.81
	<0.001

	Northern-box wind vs centre latitude (200 hPa)
	+0.31
	0.035

	Northern-box wind vs centre longitude (200 / 100 hPa)
	−0.54 / −0.37
	<0.001 / 0.014

	Southern-box wind vs centre longitude (200 / 100 hPa)
	+0.51 / +0.07
	<0.001 / n.s.

	E. Western-ridge and monthly statistics (Sections 6.2 and 6.3)

	Monthly contrast vs KZI, all summer months (100 / 150 / 200 hPa)
	+0.35 / +0.53 / +0.56
	<0.001

	Western-box mean height vs KZI (100 / 150 / 200 hPa)
	−0.04 / +0.14 / +0.18
	n.s.

	KZI variance explained: centre position alone / plus ridge amplitude
	52.8% / 61.5%
	—

	KZIpure: variance retained / correlation with raw KZI
	62% / +0.79
	— / <0.001


[bookmark: OLE_LINK61]Note: Block A: the warm-column diagnostics of Figure S3. Block B: the SAH–jet link of Figure 6. Block C: the jet–WTV link of Figure 5. Block D: the KZI box decomposition of Figures 7 and 9. n.s.: non-significant at the 5% level.





















Supplementary Table S3
Table S3. As Table 1, but with the KZI recomputed at 200 and 500 hPa on the 0.5° cached ERA5 winds (original box definition)
	SAH index
	R with KZI (200 hPa)
	R with KZI (500 hPa)

	Intensity (100 hPa area-mean height)
	−0.03
	−0.07

	Area (within 16,720 gpm)
	−0.05
	−0.11

	Centre latitude (200 hPa)
	+0.64***
	+0.30*

	Centre latitude (150 hPa)
	+0.61***
	+0.34*

	Centre latitude (100 hPa)
	+0.56***
	+0.42**

	Centre longitude (200 hPa)
	−0.64***
	−0.55***

	Centre longitude (150 hPa)
	−0.47**
	−0.53***

	Centre longitude (100 hPa)
	−0.32*
	−0.44**

	Southern boundary latitude
	+0.23
	+0.11

	Northern boundary latitude
	+0.30*
	+0.20

	Western ridge point
	−0.09
	+0.07

	Eastern ridge point
	−0.13
	−0.14


[bookmark: OLE_LINK60]Note: Rows match Table 1, with the 150-hPa centre rows added for level sensitivity. The 200-hPa column reproduces the centre-position rows of Table 1 within ±0.04 under this grid; the weak boundary correlations differ by up to 0.09. One, two and three asterisks denote p < 0.05, 0.01 and 0.001, respectively.
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