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Abstract 24 

The Western Tibetan Vortex (WTV) and South Asian High (SAH) overlap in the Asian upper troposphere, but 25 

whether they represent distinct phenomena and how they interact remain unclear. Using ERA5 reanalysis (1979–2023) 26 

and 53 CMIP6 models, we demonstrate that the WTV is a year-round circulation-variability mode distinct from the 27 

summer SAH anticyclone. Their summer variability is selectively coupled through SAH position rather than intensity 28 

or extent, with SAH centre displacements explaining 52.8% of WTV variance. This relationship involves two 29 

complementary pathways: meridional displacement associated with subtropical westerly jet shifts and zonal 30 

displacement associated with circulation anomalies over the western Tibetan Plateau. We further show that WTV 31 

variability covaries with the continuous western ridge of the SAH, but not with intermittent splitting into separate 32 

centres. Most CMIP6 models reproduce the coupling structure but underestimate its strength. These findings clarify the 33 

dynamical relationship between two distinct atmospheric phenomena and resolve a longstanding ambiguity surrounding 34 

the SAH western centre. 35 

Keywords: Western Tibetan Vortex; South Asian High; subtropical westerly jet; Karakoram Zonal Index; northern 36 

Indian Ocean; Tibetan Plateau 37 
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1. Introduction 39 

The upper-tropospheric circulation over the Tibetan Plateau and its surroundings strongly influences Asian climate, 40 

from monsoon rainfall over South and East Asia to glacier mass balance in the Karakoram. Two prominent features of 41 

this circulation, the South Asian High (SAH) and the Western Tibetan Vortex (WTV), have largely been studied in 42 

parallel. The SAH is a persistent summer anticyclonic circulation in the upper troposphere, traditionally identified from 43 

the geopotential-height field near 100 hPa (Tao and Zhu, 1964; Krishnamurti et al., 1973). The WTV, in contrast, 44 

denotes a dominant mode of circulation variability over the western Tibetan Plateau, represented by the leading EOF 45 

pattern and quantified by the Karakoram Zonal Index (KZI) from the 200-hPa zonal-wind dipole (Forsythe et al., 2017; 46 

Li et al., 2018; Wang et al., 2023). Thus, the SAH and the WTV represent fundamentally different circulation concepts: 47 

the former is a circulation system identified directly from the atmospheric field, whereas the latter is a mode of 48 

circulation variability. Whether WTV variability simply represents the western-flank expression of SAH variability or 49 

constitutes a distinct mode coupled to the SAH has not been examined systematically.  50 

The SAH is a thermally driven system maintained by sensible heating over the Tibetan Plateau and latent heating 51 

associated with the Asian summer monsoon, rather than by the descending branch of the Hadley circulation (Hoskins 52 

and Rodwell, 1995; Rodwell and Hoskins, 1996; Liu and Wu, 2004; Wu et al., 2007, 2012; Liu et al., 2013; Zhang et 53 

al., 2016). Its characteristic summer structure is strongly seasonally confined: the 16,720 gpm contour at 100 hPa, widely 54 

used to depict the SAH (Huang et al., 2011) occurs only from June to September. SAH variability is characterised by 55 

indices of intensity, area, centre position, ridge line and boundary latitudes. Both zonal and meridional displacements 56 

of the SAH have important climatic associations: Its zonal (east-west) displacement, traditionally described as the 57 

Tibetan-mode/Iranian-mode oscillation (Zhang et al., 2002), is linked to drought and flood anomalies over the Yangtze 58 

basin (Zhang and Wu, 2001). Its meridional (north-south) displacement is associated with Indian and East Asian 59 

monsoon rainfall (Wei et al., 2015). The SAH is also strongly influenced by tropical Indian Ocean warming which 60 

strengthens the SAH and shifts it equatorward (Huang et al., 2011; Qu and Huang, 2012), and the preceding winter El 61 

Niño–Southern Oscillation (ENSO) modulates it through the Indian Ocean capacitor effect (Xie et al., 2009; Xue et al., 62 

2015). The SAH is also tightly coupled to the subtropical westerly jet (SWJ) whose axis lies along its northern flank, 63 

and covaries with its seasonal migration and interannual displacement (Lin and Lu, 2005; Liu et al., 2010; Wei et al., 64 

2017). The SAH is also linked to the circumglobal teleconnection (CGT), which propagates along the jet waveguide: 65 

the Indian summer monsoon heating that likewise forces the SAH (Hoskins and Rodwell, 1995) excites the CGT wave 66 
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train, whose main action centre near South Asia lies over west-central Asia (35–40°N, 60–70°E), just northwest of the 67 

high (Ding and Wang, 2005). 68 

Research on the WTV has developed more recently and largely separately from that on the SAH. The WTV was 69 

first identified by Forsythe et al. (2017) and subsequently characterized systematically by Li et al. (2018). Forsythe et 70 

al. (2017) showed that a vortex-like circulation pattern near the western end of the plateau modulates Karakoram 71 

temperature and glacial melt, while Li et al. (2018) documented its spatial structure and seasonal-to-interannual 72 

variability. They introduced the KZI to quantify its strength from the meridional difference in 200 hPa zonal wind across 73 

the plateau. Unlike the strongly seasonal SAH, the WTV occurs in all seasons, has a deep quasi-barotropic structure and 74 

is inconsistent with a thermally direct circulation (Li et al., 2022). Conversely, the WTV strongly modulates plateau air 75 

temperature through adiabatic and cloud-radiative processes (Li et al., 2019; Wang et al., 2026b). The WTV is the 76 

leading mode (EOF1) of wind variability over the western Tibetan Plateau in most seasons (Wang et al., 2023) and has 77 

been linked to near-surface temperature, precipitation, ozone, and spring snow cover (Li et al., 2018; Li et al., 2019; Li 78 

et al., 2022; Wang et al., 2025). The external drivers identified to date are predominantly remote and dynamical rather 79 

than local and thermal: the position and intensity of the subtropical jet (Li et al., 2018), autumn ENSO acting through 80 

the Indian Ocean Walker circulation (Jiang et al., 2025), and the summer North Atlantic Oscillation (NAO) acting 81 

through eastward Rossby wave propagation (Lei et al., 2025). 82 

Despite their spatial overlap and their common association with the upper-tropospheric circulation over the Tibetan 83 

Plateau, the WTV and SAH have been studied largely in parallel, and their relationship has not been systematically 84 

quantified. Three considerations make this relationship particularly important. First, the southern box used to define the 85 

KZI (20–32.5°N) overlaps the tropical easterlies on the southern flank of the summer SAH, raising the possibility that 86 

the KZI incorporates an SAH-related component into the measured WTV variability. Second, the WTV emerges in 87 

summer as the leading mode (EOF1) of wind variability over the western Tibetan Plateau, with its largest seasonal 88 

variance contribution (45.78%; Wang et al., 2023). The corresponding EOF1 exhibits a more complete anticyclonic-89 

cyclonic circulation structure than is captured by the fixed-lobe KZI, indicating that the KZI represents only part of the 90 

full WTV variability. Third, a companion study on WTV predictability (Li et al., 2026, submitted; hereafter the 91 

companion study) identifies a pathway linking northern Indian Ocean (NIO) warming, southward expansion of the SAH, 92 

southward displacement of the jet axis, and weakening of the WTV. This raises a fundamental question: does the WTV 93 
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represent a distinct circulation-variability mode that is coupled to SAH variability, or is it primarily a projection of 94 

variability in the SAH’s western flank? 95 

Here, we address this question by placing the SAH and WTV within a common diagnostic framework. Using the 96 

ERA5 reanalysis for 1979–2023 and historical simulations from 53 CMIP6 models, we quantify SAH circulation and 97 

WTV variability within a common temporal framework and address three questions: 98 

(Q1) What is the relationship between SAH circulation and WTV variability?  99 

(Q2) Which properties of the SAH are coupled to WTV variability, and what role does the subtropical jet play in 100 

this coupling?  101 

(Q3) Are the observed coupling relationships robust across climate models?  102 

We use this framework to distinguish structural overlap from dynamical coupling and to determine whether any 103 

observed relationship is specific to SAH position, amplitude, or extent. We find that the WTV is a distinct mode of 104 

variability, coupled selectively to SAH position through a jet-mediated meridional pathway and a direct zonal pathway. 105 

These links hold across the CMIP6 models. The framework also clarifies the contested western centre of the SAH and 106 

provides a WTV index with the SAH-displacement component removed for applications. 107 

2. Data and methods 108 

2.1. Data and statistical analysis 109 

We use monthly mean pressure-level zonal and meridional wind, air temperature and geopotential from the ERA5 110 

reanalysis at 0.25° horizontal resolution for 1979–2023 (Hersbach et al., 2020). Geopotential is converted to geopotential 111 

height (HGT) by dividing by 9.80665 m s⁻². The reliability of ERA5 in depicting year-to-year surface air temperature 112 

variability over the Tibetan Plateau has been documented previously (Wang et al., 2026a). Sea surface temperature 113 

(SST) is obtained from NOAA Extended Reconstructed SST version 6 (ERSSTv6; Huang et al., 2025a, b) at 2° 114 

horizontal resolution. For model evaluation we use historical simulations from 53 CMIP6 models (Eyring et al., 2016) 115 

for 1979–2014, regridded to a common 0.75° grid (details in Table S1).  116 

All seasonal time series are linearly detrended across years before statistical analysis, separately for each variable, 117 

index and model, and the same detrending is applied in the monthly per-calendar-month analyses. We use Pearson 118 

correlation, partial correlation, and ordinary least-squares (OLS) multiple regression. Model explanatory power is 119 

quantified using the coefficient of determination (𝑅2); the unique contribution of an additional predictor is quantified 120 
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as the increase in explained variance (△ 𝑅2) when that predictor is added to the regression model (Wilks, 2011). The 121 

reported 𝑅2 values refer to variance explained within the analysed sample. Statistical mediation is assessed using the 122 

product-of-coefficients approach (Baron and Kenny, 1986; Preacher and Hayes, 2008), as recently applied in climate-123 

science research (Kolstad and O’Reilly, 2024). The indirect effect is estimated as the product of the predictor–mediator 124 

and mediator–outcome regression coefficients, with 95% confidence intervals obtained from 10,000 bootstrap resamples 125 

generated by resampling years with replacement (Efron, 1979). Because these diagnostics are based primarily on 126 

contemporaneous seasonal-mean relationships, the mediation analysis is interpreted as evidence of a statistical pathway 127 

rather than proof of causal direction. The statistical significance of Pearson correlations is assessed using a two-tailed 128 

Student’s t-test; for correlations computed on pooled monthly samples, the degrees of freedom are adjusted for serial 129 

autocorrelation through an effective sample size (Bretherton et al., 1999). For families of related statistical tests, namely 130 

the SAH–WTV correlations of Section 4 and the western-ridge diagnostics of Section 6.1, we control the false discovery 131 

rate using the Benjamini–Hochberg procedure at ݍ = 0.05.  Where standardised series are used, each series is centred 132 

on its mean and divided by its standard deviation over the analysis period. The stability of the principal regression 133 

models is further verified by leave-one-out cross-validation (Section 5.2). 134 

The primary observational analysis covers 1979–2023 (N=45 summers), whereas observation–CMIP6-model 135 

comparisons use the common 1979–2014 period (N=36 summers). Seasonal means are calculated from monthly means; 136 

unless otherwise stated, summer refers to June–August (JJA). 137 

2.2. The Karakoram Zonal Index 138 

Following Forsythe et al. (2017) and Li et al. (2018), the KZI is defined as the standardised difference in area-mean 139 

200-hPa zonal-wind anomalies between a northern and a southern box flanking the Karakoram: 140 ܫܼܭ =  (ܷ′ே  −  ܷ′ௌ)/141 (1)                                                                                0ߪ 

where ܷ′ே and ܷ′ௌ are the cosine-latitude-weighted area-mean 200-hPa zonal-wind anomalies over the northern (40–142 

50°N, 52.5–86.25°E) and southern (20–32.5°N, 52.5–93.75°E) boxes, respectively, obtained by removing the 1982–143 

2010 climatological monthly means, and 0ߪ is the standard deviation of ܷ′ே  − ܷ′ௌ pooled over all months of that base 144 

period. Positive (negative) KZI values correspond to anticyclonic (cyclonic) WTV anomalies. 145 

The KZI is therefore a signed anomaly index that quantifies the amplitude and sign of WTV variability. Its two-146 

lobe 200 hPa zonal-wind dipole provides a fixed-index representation of the broader WTV circulation mode identified 147 

by EOF analysis (Wang et al., 2023). The EOF pattern and its PC1 characterize the spatial structure and temporal 148 
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variability of the data-derived mode, respectively, whereas the KZI provides a fixed, physically interpretable measure 149 

of that variability. Their correspondence is evaluated explicitly in Section 3.1. 150 

2.3. SAH characteristic indices 151 

In contrast to the WTV, which is represented by an anomaly index, the SAH is characterized directly from the 152 

geopotential-height field. The SAH centre is defined as the maximum geopotential height (HGT) within 10–45°N, 30–153 

130°E. Its latitude and longitude are refined by parabolic interpolation around the grid-point maximum (a one-154 

dimensional parabola fitted to the grid-point maximum and its two adjacent points, applied separately in latitude and 155 

longitude), and the corresponding maximum HGT is retained as a measure of centre height (Zhang et al., 2002; Qian et 156 

al., 2002). SAH centre position is diagnosed at 100 and 200 hPa, with 200 hPa used as the primary level for comparison 157 

with the wind-based KZI. The 150-hPa level is additionally examined in the western-ridge analysis in Section 6. For the 158 

centre-count analysis in Section 6, an additional local HGT maximum is identified as a coexisting centre when it is 159 

separated from the main centre by a minimum at least 10 gpm along the corresponding latitude circle. To quantify the 160 

western ridge in Section 6, we define a western–ridge contrast index (WRC) as the maximum geopotential height within 161 

a western box (10–45°N, 20–70°E) minus the maximum HGT within an eastern box (10–45°N, 75–125°E): 162 ܹ𝑅ܥ = (ௐܶܩܪ)ݔܽ݉  − ܩܪ)ݔܽ݉  ாܶ)                                                                         (2) 163 

Taking the difference reduces the contribution of basin-wide SAH intensity variations and emphasizes variability in the 164 

relative prominence of the western ridge; larger WRC values therefore indicate a relatively stronger western ridge.  165 

At 100 hPa, we additionally characterize the SAH using its 16,720 gpm contour, following the general contour-166 

based approach of Huang et al. (2011). The southern and northern boundaries are defined as the southernmost and 167 

northernmost latitudes at which the maximum HGT across 40–100°E reaches or exceeds 16,720 gpm. SAH area is 168 

calculated from the cosine-weighted grid cells enclosed by the 16,720-gpm contour within 0–60°N, 0–150°E, the 169 

western and eastern boundary longitudes of the contour within 15–45°N. SAH intensity is defined here as the area-mean 170 

100 hPa HGT over 20–35°N, 40–100°E. Because the 16,720 gpm contour is climatologically present only from June to 171 

September, these contour-based diagnostics are restricted to the SAH season; the main summer analysis uses JJA means. 172 

Centre position and intensity, which do not require the characteristic contour, can also be calculated outside this period. 173 

200-hPa serves as the primary analysis level, matching the wind-based definition of the KZI, while the 100-hPa centre 174 

is provided as a measure of level-dependent sensitivity (Table 1). 175 
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Throughout the analysis, ‘SAH–WTV coupling’ refers to covariability between their temporal variations rather 176 

than similarity between their climatological structures. Because the fixed KZI boxes overlap the summer SAH 177 

circulation, we explicitly assess the contribution of SAH displacement to the KZI in Sections 3.2 and 6.3.  178 

2.4. Subtropical westerly jet and Northern Indian Ocean (NIO) SST indices 179 

The subtropical westerly jet (SWJ) is characterised from the 200-hPa zonal wind averaged over 40–100°E (Lin and 180 

Lu, 2005; Schiemann et al., 2009). The jet-axis latitude is defined as the latitude of maximum zonal wind within 20–181 

60°N, and jet speed as the zonal wind at that latitude. For seasonal analyses, the maximum is identified from the JJA-182 

mean meridional profile and refined by parabolic interpolation around the grid-point maximum. For monthly analyses 183 

the same procedure is applied separately to each monthly-mean profile. As a complementary measure that does not 184 

depend on locating the jet maximum, we also calculate the area-mean 200-hPa zonal wind over 30–50°N, 40–100°E. 185 

The northern Indian Ocean (NIO) SST index is defined as the cosine-latitude-weighted JJA-mean SST anomaly over 0–186 

20°N, 50–100°E, following the companion study (Li et al., 2026). All jet and NIO indices are linearly detrended before 187 

statistical analysis, consistent with Section 2.1. 188 

2.5. Summer-mean vorticity budget of the western-ridge composite 189 

To diagnose the dynamical processes associated with western‑ridge variability (Section 6), we evaluate the 190 

summer‑mean relative‑vorticity budget at 200 hPa and 100 hPa (Holton, 2004) using strong-minus-weak western‑ridge 191 

composites. Strong and weak western-ridge summers are defined as the upper and lower terciles, respectively, of the 192 

detrended 200-hPa west-east HGT contrast defined in Section 2.3. Composite anomalies are calculated as the difference 193 

between the strong- and weak-ridge JJA-means, with15 summers in each group. 194 

The composite relative-vorticity budget is written as: 195 

−ܸ′ ⋅ ̅ߞ)∇ + ݂) − ܸ̅ ⋅ ′ߞ∇ − ̅ߞ) + ݂)∇ ⋅ ܸ′ − ∇′ߞ ⋅ ܸ̅ − ߱̅ డ఍′డ௣ − ߱′ డ఍̅డ௣ + 𝑅′ = 0                               (3) 196 

Here, overbars ( ̅ ) denote the 1979–2023 JJA climatological mean and primes ( ′ ) denote strong-minus-weak 197 

composite differences. The residual term, 𝑅′, contains processes not explicitly represented in Eq. (3), including the local 198 

tendency, transient-eddy, nonlinear and frictional terms. The first term (−ܸ′ ⋅ ̅ߞ)∇ + ݂)) represents advection of the 199 

climatological absolute vorticity gradient by the composite wind anomaly, hereafter denoted MAINT. The second term 200 

(−ܸ̅ ⋅ ′ߞ∇ ) represents advection of the composite relative-vorticity anomaly by the climatological flow, hereafter 201 

denoted PROP. The third and fourth terms (−(̅ߞ + ݂)∇ ⋅ ܸ′ − ∇′ߞ ⋅ ܸ̅) together represent the divergence-stretching 202 
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contribution (STRETCH), of which the planetary part −݂∇ ⋅ ܸ′ (equivalent to ݂ డఠ′డ௣  by mass continuity) is the dominant 203 

component. The following two terms (−߱̅ డ఍′డ௣ − ߱′ డ఍̅డ௣) describe the vertical-advection contribution (VERT).  204 

Vertical derivatives at 200 and 100 hPa are estimated using centred finite differences between 150-250 and 70-125 205 

hPa, respectively. Each budget term is projected onto the composite vorticity anomaly over the western ridge box (25–206 

45°N, 20–70°E), ߣ = ݉ݎ݁ݐ〉 ⋅ 〈′ߞ ⁄〈′2ߞ〉 . A positive ߣ indicates that the is spatially aligned with the composite vorticity 207 

anomaly, whereas a negative ߣ indicates opposition to the anomaly (Feldstein, 2002). To estimate the component of 208 

MAINT associated with the WTV-related circulation, we repeat the calculation after replacing the full composite wind 209 

anomaly (ܸ′) with the wind anomaly reconstructed from its linear regression onto the KZI and scaled by the strong-210 

minus-weak composite KZI difference. 211 

3. Distinction and structural overlap between the WTV and the SAH 212 

3.1. A circulation system and a variability mode 213 

The SAH and WTV represent fundamentally different circulation concepts: the SAH is a circulation system 214 

identified directly from the atmospheric field, whereas the WTV is a mode of circulation variability over the western 215 

Tibetan Plateau. The SAH appears directly in the geopotential-height field as an upper-tropospheric anticyclone and is 216 

traditionally characterized near 100-hPa (Tao and Zhu, 1964; Krishnamurti et al., 1973; Figure 1a). Its summer state is 217 

characterised by its centre position, intensity, areal extent, and boundaries, including diagnostics based on the 16,720-218 

gpm contour (Figure 1a). The WTV, in contrast, is identified as the leading EOF of detrended JJA 200-hPa horizontal-219 

wind variability over 22–50°N, 50–92°E (Wang et al., 2023). The leading mode explains 40.1% of the total wind 220 

variance and exhibits a vortex-like circulation anomaly over the western Tibetan Plateau (Figure 1b). The fixed-box 221 

KZI provides an independent index-based measure of this variability. Its associated circulation pattern closely resembles 222 

EOF1, with spatial correlations of 0.90 within the EOF domain and 0.80 over the displayed domain (Figure 1c); PC1 223 

and the KZI are also strongly correlated. Thus, the SAH diagnostics describe the state and geometry of an upper-224 

tropospheric anticyclone, whereas the KZI describes the temporal amplitude and sign of a circulation-variability mode. 225 
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 226 

Figure 1. Distinction between the South Asian High (SAH) and Western Tibetan Vortex (WTV) in summer (JJA) during 227 

1979–2023. (a) Climatological 100-hPa geopotential height illustrating the SAH as an upper-tropospheric circulation system. The 228 

16,720-gpm characteristic contour (orange-red) defines its areal extent (light shading) and southern, northern, western and eastern 229 

boundaries (arrows); the dot marks the climatological centre. The SAH intensity index is defined as the area-mean geopotential 230 

height over 20–35°N, 40–100°E (Section 2.3). (b) The WTV as a circulation variability mode, represented by the leading EOF of 231 

detrended JJA 200-hPa horizontal winds over 22–50°N, 50–92°E (40.1% of total variance; Wang et al., 2023). Shading and vectors 232 

show correlations of the standardized PC1 with 500-hPa geopotential height and horizontal wind, respectively; only correlations 233 

significant  at p < 0.05 are shown. (c) Corresponding circulation pattern associated with the standardized Karakoram Zonal Index 234 

(KZI). The northern (UN) and southern (US) KZI boxes are outlined; with US highlighted to indicate its latitudinal overlap with the 235 

southern flank of the SAH. The KZI associated pattern closely resembles the EOF1 pattern, with spatial correlation of 0.90 within 236 

the EOF domain and 0.80 over the displayed domain; the KZI and PC1 are correlated at R=0.78. The 1500-m orographic contour 237 

outlines the Tibetan Plateau. 238 

Their seasonal behaviour provides a second distinction. The characteristic 100-hPa 16,720-gpm SAH contour is 239 

confined almost entirely to June-September: across 1979-2023, it occurs only once in May and is absent in winter 240 

(Figure 2a, b). By contrast, WTV variability occurs throughout the year and is strongest in winter and weakest in late 241 

summer (Li et al., 2018). The associated circulation anomaly has a deep, quasi-barotropic structure extending through 242 

much of the troposphere (Figure S1; Li et al., 2018, 2022). The two features therefore differ both in their definition and 243 

in their seasonal expression. The SAH is a strongly season-dependent circulation system, while the WTV represents a 244 

persistent, year-round mode of circulation variability. These differences show that the WTV cannot be identified simply 245 

with the occurrence or seasonal cycle of the SAH. 246 
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 247 

Figure 2. Seasonal contrast and summer overlap between the Western Tibetan Vortex (WTV) and South Asian High (SAH) 248 

during 1979–2023. (a, b) Climatological 200-hPa zonal wind (shading, zero-wind line contoured) and 100-hPa geopotential height 249 

in (a) summer (JJA) and (b) winter (DJF). The 16,720-gpm SAH characteristic contour (orange-red) is present in summer but absent 250 

in winter. The northern (UN) and southern (US) KZI boxes are outlined; US is highlighted to show its latitudinal overlap with the 251 

easterly flow along the southern flank of the summer SAH . (c) Seasonal cycle of the 200-hPa zero-wind line latitude averaged over 252 

52.5–93.75°E, together with the southern boundary and centre latitude of the 100-hPa SAH. Shading indicates the latitudinal ranges 253 

of the KZI boxes and the May–September period in which the 16,720-gpm contour occurs in the 1979–2023 climatology. The 1500-254 

m orographic contour outlines the Tibetan Plateau. 255 

 256 
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 257 

Figure 3. Selective relationship of summer WTV variability and SAH properties during 1979–2023. (a) Detrended 258 

standardised JJA time series of the KZI (black), 100-hPa SAH intensity (blue) and SAH area enclosed by the 16,720-gpm contour 259 

(vermillion). (b) Pairwise detrended correlations of the KZI with SAH intensity and area; neither relationship is statistically 260 

significant (both p > 0.7). (c) Detrended standardised JJA time series of the KZI (black) and the SAH centre latitude (vermillion) 261 

and centre longitude (teal) at 200 (solid) and 100 hPa (dashed). (d) Pairwise detrended correlations of the KZI with the SAH centre 262 

latitude and longitude at 200 and 100 hPa; all four relationships are significant at p < 0.05. The corresponding monthly relationships 263 

are shown in Figure S2. 264 

3.2. Summer coexistence and structural overlap 265 

Despite these distinctions, the WTV and SAH coexist in summer, when the fixed KZI domain partially overlaps 266 

the SAH circulation. In summer, the southern KZI box (Us; 20–32.5°N) overlaps the easterly flow along the southern 267 

flank of the SAH (Figure 2a). The 1979–2023 JJA-mean zonal wind averaged over the US box is −2.7 m s⁻¹, and 61.0% 268 

of grid points within the box are climatologically easterly. In winter, by contrast, the same box is dominated by strong 269 

westerlies (43.6 m s⁻¹; Figure 2b). From June to September, the 200-hPa zero-wind line lies within US at 24.5–29°N 270 

(Figure 2c). This overlap raises the possibility that summer KZI variability contains a component associated with 271 

changes in the southern flank of the SAH. 272 
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Despite this structural overlap, summer WTV variability shows no significant relationship with either SAH 273 

intensity or areal extent. The KZI is not significantly correlated with either the intensity or areal extent of the 100-hPa 274 

SAH (R = −0.03 and −0.05, respectively, both p > 0.7; Figure 3a,b). This result indicates that interannual WTV 275 

variability cannot be explained simply by year-to-year changes in the SAH strength or size. By contrast, the SAH centre 276 

coordinates covary substantially with the KZI (Figure 3c,d), suggesting that the relationship is selective to SAH position. 277 

Section 4 tests this selectivity systematically across the full set of SAH diagnostics. 278 

 279 

Table 1. Correlations of summer SAH characteristics with the KZI and its northern (UN) and southern (US) zonal-280 

wind components during 1979–2023.  281 

SAH characteristic r(KZI) r(UN) r(US) 

SAH amplitude    

Intensity (100-hPa area-mean HGT) −0.03 +0.10 −0.00 

Area enclosed by 16,720-gpm contour  −0.05 +0.02 −0.03 

SAH centre position    

Centre latitude (200-hPa) +0.61*** +0.32* −0.81*** 

Centre latitude (100-hPa) +0.54*** +0.28 −0.58*** 

Centre longitude (200-hPa_ −0.64*** −0.54*** +0.51*** 

Centre longitude (100-hPa) −0.34* −0.36* +0.07 

SAH boundaries    

Southern boundary latitude +0.28 +0.02 −0.35* 

Northern boundary latitude +0.21 +0.10 −0.31* 

Western boundary longitude −0.07 −0.06 +0.27 

Eastern boundary longitude −0.13 −0.04 +0.08 

Note: Asterisks indicate unadjusted two-sided significance (* p < 0.05, ** p < 0.01, *** p < 0.001); boldface in the 282 

r(KZI) column indicates correlations that remain significant after the Benjamini–Hochberg false-discovery-rate 283 

correction at q = 0.05 (Section 2.1) All the time series are detrended before computing their correlations. 284 

 285 

4. Selective coupling of WTV variability to SAH position 286 

Section 3 showed that the WTV and SAH differ in their definition and seasonal expression, despite partial spatial 287 

overlap in summer. Because the southern KZI box partially overlaps the summer SAH circulation, however, covariance 288 

between the KZI and SAH diagnostics could arise partly from this geometrical overlap. We therefore examine which 289 

SAH characteristics are associated with WTV variability. The relationship is highly selective: the KZI is associated with 290 

SAH centre position (Figure 3c, d), but not significantly with its intensity, area, or boundary position (Table 1; Figure 291 

3a, b; Figure 4a). Both the meridional and zonal centre displacements contribute to this relationship, with distinct 292 

signatures in the northern and southern KZI components. 293 
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 294 

Figure 4. Selectivity of the relationship between summer WTV variability and SAH characteristics during 1979–2023. (a) 295 

Fraction of summer KZI variance explained by each SAH characteristic individually expressed as the coefficient of determination 296 

(R², %). (b) Joint and incremental variance explained by SAH centre position. Centre latitude and longitude together explain 52.8% 297 

of KZI variance. Centre longitude adds 15.1 percentage points of explained variance beyond centre latitude, whereas centre latitude 298 

adds 12.0 percentage points beyond centre longitude. Adding SAH intensity, area, or any individual boundary diagnostic to the two-299 

coordinate centre-position model increases (R2) by no more than 0.3 percentage points. All regressions are based on linearly 300 

detrended JJA time series. 301 

SAH meridional position is strongly associated with WTV variability. SAH centre latitude is positively correlated 302 

with the KZI at both 200-hPa (R = 0.61, p < 0.001) and 100-hPa (R = 0.54, p < 0.001; Figure 3c,d), indicating that a 303 

northward-displaced SAH is associated with a more positive KZI. This relationship is dominated by the southern KZI 304 

component: centre latitude correlates with US at R= −0.81, compared with R= 0.32 for UN. The stronger US relationship 305 

is consistent with the structural overlap identified in Section 3.2, because US samples the easterly flow along the southern 306 

flank of the SAH. By contrast, UN lies outside the climatological SAH easterly belt in summer but remains significantly 307 

correlated with 200-hPa SAH centre latitude (R = 0.32; Table 1). The meridional relationship therefore cannot be 308 

attributed solely to the local overlap of ௌܷwith the SAH flank. The relationship also persists when the KZI is recomputed 309 

at 500 hPa (Table S3), indicating that it is not confined to the 200-hPa index level. 310 

SAH zonal displacement provides a second, comparatively strong, component of the relationship. At 200-hPa, SAH 311 

centre longitude is negatively correlated with the KZI (R=−0.64, p < 0.001) such that westward centre displacements 312 



 

 

 

15 

are associated with a more positive KZI (Table 1). Unlike the predominantly southern-component meridional 313 

relationship, the zonal relationship is evident in both KZI components, with opposite signs: R= −0.54 for UN  and R= 314 

0.51 for  ௌܷ. This opposite-signed response is consistent with westward displacement of the SAH circulation producing 315 

stronger westerly anomalies to the north and easterly anomalies to the south over the KZI domain. 316 

The meridional and zonal centre displacements provide partly distinct statistical contributions to KZI variability. 317 

SAH-centre latitude and longitude are moderately correlated (R = −0.49). Together, the two centre coordinates explain 318 

52.8% of the summer KZI variance. Centre longitude adds 15.1% of explained variance beyond centre latitude, while 319 

centre latitude adds 12.0% explained variance beyond centre longitude (Figure 4b). By contrast, adding intensity, area, 320 

or any individual boundary diagnostic to the two-coordinate model increases R2 by no more than 0.3 percentage points 321 

(Figure 4b). None of the four boundary diagnostics is significantly correlated with the KZI at the 5% level. The 322 

selectivity is also robust to multiple testing correction: among the 10 primary KZI–SAH correlations in Table 1, both 323 

centre-latitude relationships and the 200-hPa centre-longitude relationship remain significant after Benjamini–324 

Hochberg false-discovery-rate correction at q = 0.05. Together, these results identify SAH centre position—rather than 325 

its overall intensity, areal extent, or contour boundaries—as the property most closely associated with summer WTV 326 

variability. 327 

5. Pathways of SAH–WTV coupling: a jet-mediated route and a direct geometrical route 328 

Section 4 showed that summer WTV variability is selectively associated with SAH position, rather than its intensity 329 

or areal extent. We next examine the circulation pathways consistent with this positional coupling. The diagnostics 330 

indicate two complementary routes (Figure 5a): a jet-mediated route, in which meridional SAH displacement is 331 

associated with jet position and, in turn, WTV variability, and a more direct geometrical route in which zonal SAH 332 

displacement projects its circulation onto the KZI definition boxes. We examine the SAH–jet and jet–WTV links in 333 

Sections 5.1 and 5.2, respectively, followed by the direct geometrical route in Section 5.3. 334 
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 335 

Figure 5. Statistical and circulation signatures of the two proposed routes of summer SAH–WTV coupling during 1979–336 

2023. (a) Schematic overview of the jet-mediated route associated with meridional SAH displacement and the direct geometrical 337 

route associated with zonal displacement. The dashed connection indicates the monsoon/NIO-related warm column forcing 338 

examined in Figure S3 and the vermillion arc denotes the direct route; arrows denote the relationships examined in Sections 5.1–339 

5.3. (b) Relationships of detrended, standardised JJA KZI anomalies (black) and 200-hPa SAH centre latitude (vermillion) with jet-340 

axis latitude; lines show least-squares fits. (c) Variance in the summer KZI explained by SAH centre position, jet-axis latitude and 341 

speed, and their combined regression, including the corresponding incremental (R2) contributions. (d, e) Detrended JJA 200-hPa 342 

zonal-wind anomalies regressed onto standardised SAH centre latitude (d) and centre longitude (e), respectively (shading; m s−1 343 

per standard deviation of the predictor). The KZI definition boxes (solid), climatological jet axis (bold black) and climatological 344 

12,500-gpm geopotential-height contour (vermillion) are shown; values within the boxes give the corresponding box-mean 345 

regression slopes. The monthly relationships are given in Figure S2. 346 

5.1. The SAH–jet link 347 

Consistent with the thermal forcing of the SAH (Section 1), the climatological temperature section shows a deep 348 

warm anomaly beneath the anticyclone (Figure S3a). Interannually, the warm-column amplitude is strongly correlated 349 

with SAH intensity and southern boundary latitude (R = 0.96 and −0.95, respectively) but only weakly with SAH centre 350 
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position (|R| ≤ 0.23). It is also correlated with NIO SST (R = 0.62), whereas its relationship with monsoon rainfall is 351 

positive but not statistically significant (R = 0.25, and |R| ≤ 0.28 across six alternative rainfall domains; Figure S3b, c). 352 

This contrast is consistent with the weak-temperature-gradient framework, which links subtropical free-tropospheric 353 

temperature more strongly to tropical SST than to local convection (Sobel et al., 2001; Xie et al., 2009). The warm-354 

column and pathway statistics are summarised in Table S2. 355 

SAH meridional position covaries strongly with the position of the subtropical westerly jet. SAH centre latitude is 356 

positively correlated with jet-axis latitude at both 200 hPa (R = 0.50, p < 0.001) and 100 hPa (R = 0.78, p < 0.001). Jet-357 

axis latitude is also correlated with the northern SAH boundary (R = 0.50) but not with the southern boundary (R = 0.21, 358 

non-significant). Neither SAH intensity nor area is significantly correlated with the jet diagnostics. These relationships 359 

identify meridional SAH position, rather than intensity or area, as the SAH characteristic most closely associated with 360 

jet position. 361 

This SAH–jet relationship is dynamically consistent with geostrophic balance rather than being solely a statistical 362 

coincidence. In the summer-mean circulation, the SAH height field and subtropical jet can be viewed as complementary 363 

manifestations of a largely balanced upper-tropospheric state: the SAH in the height field corresponds to the monsoon 364 

warm column, and the subtropical jet is the balanced wind anchored to the maximum meridional height gradient on the 365 

northern flank of the SAH. To leading order, the upper-tropospheric flow is close to quasi-geostrophic balance, in which 366 

the Coriolis force balances the horizontal pressure-gradient force (Holton, 2004). On pressure surfaces the zonal 367 

component of this balance can be written as: 368 

௚ݑ݂ = −݃ డZడ௬     or     ݑ௚ = − ௚௙ డ௓డ௬                                                                (4) 369 

where ݂ is the Coriolis parameter and ܼ is geopotential height; the geostrophic zonal wind (ݑ௚) is therefore proportional 370 

to the meridional height gradient (
డ௓డ௬). The climatological jet overlies the maximum meridional height gradient on the 371 

northern flank of the SAH, and the corresponding geostrophic wind (ݑ௚) computed from that gradient (
డ௓డ௬) is nearly 372 

indistinguishable from the observed wind, in both its meridional profile and its peak latitude (Figure 6a,b). Interannually, 373 

the latitude of the maximum height gradient closely tracks jet-axis latitude (R = 0.94), while the corresponding 374 

geostrophic wind speed closely tracks observed jet speed (R > 0.99; Figure 6c, d).  375 

The SAH–jet link is therefore consistent with a balance constraint: meridional (north-south) shifts of the SAH are 376 

accompanied by shifts of its flank height gradients and, under geostrophic balance, by a shift in the position of the 377 
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subtropical jet. Because the KZI boxes straddle the climatological jet in summer, meridional jet displacement is 378 

accompanied by opposite-signed zonal-wind anomalies across the two boxes, and hence by KZI variability (Figure 7a). 379 

The associated wind response is evident in the regression onto SAH centre latitude (Figure 5d): a one-standard-deviation 380 

northward SAH displacement is associated with a 0.6 m s⁻¹ increase in northern-box westerlies and a 1.3 m s⁻¹ 381 

strengthening of southern-box easterlies.  382 

The WTV wind response exhibits strong component asymmetry. The southern-KZI-box zonal wind correlates 383 

strongly with the SAH centre latitude at −0.81 (p < 0.001), whereas the northern-KZI-box response is much weaker (R 384 

= 0.31, p = 0.03; Figure 8c; Table S2). This contrast indicates the jet-mediated route primarily modulates the easterlies 385 

in southern-KZI-box. The full structure of this coupling is summarised schematically in Figure 7. 386 

 387 

Figure 6. Geostrophic relationship between SAH height field and the subtropical westerly jet in summer during 388 

1979–2023. (a) Climatological JJA 200-hPa zonal wind (shading) and geopotential height (grey contours; 12,500-gpm 389 

contour highlighted in bold vermillion). The shaded band indicates the 40–100°E averaging sector, and the bold black 390 

curve marks the climatological jet axis, defined as the latitude of maximum 200-hPa zonal wind at each longitude. (b) 391 

Climatological meridional profiles of 200-hPa zonal wind (black) and geostrophic zonal wind − ௚௙ డ௓డ௬ calculated from 392 

the meridional geopotential-height gradient (vermillion), both zonally averaged over 40–100°E. The dotted line marks 393 
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the climatological jet-axis latitude. (c) Relationship between detrended JJA jet-axis latitude and the latitude of the 394 

maximum meridional geopotential-height gradient, calculated from the 40–100°E mean profiles. (d) Relationship 395 

between detrended jet-axis speed and the corresponding geostrophic wind speed. Lines in (c, d) show least-squares fits. 396 

 397 

Figure 7. Schematic of the proposed jet-mediated route of summer SAH–WTV coupling. (a) Conceptual 398 

representation of the circulation changes associated with northward SAH displacement. The reference SAH position is 399 

shown by the dashed grey ellipse and the northward-displaced position by the vermillion ellipse. The associated 400 

northward displacement of the SAH northern-flank height gradient is accompanied by a northward shift of the 401 

subtropical westerly jet, consistent with geostrophic balance (reference jet in grey; displaced jet indicated by the bold 402 

black axis and orange band). The fixed KZI definition boxes (solid black) straddle the jet, such that the northward jet 403 

displacement is associated with stronger westerly flow in the northern box (UN) and stronger easterly flow in the southern 404 

box (US). (b) Summary of the statistical pathway linking SAH meridional position, jet-axis latitude, and KZI variability; 405 

the relationship is expressed primarily through the southern-box easterlies (Table S2). 406 
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5.2. The jet–WTV link 407 

The statistical relationships identify the subtropical westerly jet as an important intermediary between SAH 408 

meridional position and summer WTV variability. Jet-axis latitude and speed together explain 75.8% of summer KZI 409 

variance, compared with 52.8% explained by SAH centre position. Combining the SAH-position and jet predictors 410 

increases R2 to 81.6% (Figure 5c; Table S2). Thus, the two predictor sets contain overlapping but partly distinct 411 

statistical information. Leave-one-out cross-validation, in which each summer is held out in turn and predicted from the 412 

remaining 44, yields explained variance of 46.0%, 71.9% and 74.6% for the SAH-position, jet and combined regressions, 413 

respectively, indicating that this explanatory power is not solely an in-sample property. 414 

Incremental variance partitioning further distinguishes the information contained in the two predictor sets. After 415 

accounting for jet variability, adding SAH position increases R2 by 5.8%. Conversely, adding the jet predictors to the 416 

SAH-position model increases R2 by 28.8%. The partial correlations show a similar asymmetry: the KZI-jet–axis 417 

relationship remains strong (R = 0.56) after controlling for SAH position, whereas the KZI-SAH–centre-latitude 418 

correlation weakens substantially from 0.61 to 0.42 after controlling for jet variability. 419 

A mediation-style analysis provides additional statistical evidence for a jet-mediated pathway. The estimated 420 

indirect effect through jet-axis latitude accounts for 46% (95% CI: 8–89%) of the SAH centre-latitude-KZI relationship 421 

and 42% (95% CI: 18–73%) of the NIO SST-KZI relationship (Figure 7b; Table S2). Because these diagnostics are 422 

based on contemporaneous seasonal-mean relationships, the mediation estimates describe a statistical pathway rather 423 

than establishing temporal causal direction. The associated circulation patterns are also consistent with this pathway: 424 

200-hPa geopotential and wind anomalies associated with SAH centre latitude closely resemble those associated with 425 

jet-axis latitude. The two regression patterns have a spatial correlation of 0.74 within 20–50°N, 40–100°E (Figure 8a,b). 426 

Both SAH- and jet-associated patterns project onto the KZI domain, with the strongest relationship in the southern 427 

component (Figure 8c,d). 428 
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 429 

Figure 8. Circulation signatures of the jet-mediated SAH–WTV relationship in summer during 1979–2023. (a, b) 430 

Detrended JJA 200-hPa geopotential-height (shading, gpm per standard deviation of the predictor) and horizontal-wind 431 

(vectors, m s−1 per standard deviation) anomalies regressed onto standardised (a) SAH centre latitude and (b) jet-axis 432 

latitude. Shading and vectors are shown only where the corresponding regression is significant at (p<0.05). The 433 

climatological 12,500-gpm geopotential-height contour (vermillion), climatological jet axis (bold black) and KZI 434 

definition boxes (solid) are superimposed. (c, d) Relationships of detrended JJA 200-hPa zonal wind in the northern 435 
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(UN, black) and southern (US, vermillion) KZI boxes with standardised (c) SAH centre latitude and (d) jet-axis latitude; 436 

lines show least-squares fits. 437 

The strength of this jet-mediated coupling exhibits pronounced seasonal dependence. The jet-latitude relationship 438 

peaks in June (R = 0.85). The 100 hPa SAH-position relationships are strongest near monsoon onset and retreat, whereas 439 

the 200-hPa coupling persists through mid-summer. The KZI-jet-speed coupling instead changes sign around May. In 440 

winter, when the characteristic summer SAH structure is absent, WTV variability is associated primarily with jet 441 

intensity rather than with the SAH diagnostics. 442 

 443 

5.3. The direct geometric route 444 

Unlike the jet-mediated meridional coupling, the zonal SAH–WTV relationship has a more direct geometrical 445 

expression within the KZI domain. As summarised in Figure 9, westward SAH displacement is associated with an 446 

anticyclonic circulation anomaly over the KZI domain, which simultaneously strengthens westerly flow in the northern 447 

box and easterly flow in the southern box (Figure 5e). 448 

This direct dynamical relationship exhibits distinct vertical stratification across the upper troposphere. At 200-hPa, 449 

SAH centre longitude is significantly correlated with both KZI components (R = −0.54 for UN and 0.51 for US, both p 450 

< 0.001; Figure 10b,c; Table S2). At 100-hPa, only the northern component is significantly related to centre longitude 451 

(R = −0.37, p = 0.014), whereas the southern relationship is weak and non-significant  (R = 0.07; Table S2). The zonal-452 

displacement signature is therefore most complete at 200 hPa, the level that defines the KZI. 453 

This 200-hPa regression pattern illustrates this geometry directly (Figure 10a). Positive centre-longitude anomalies, 454 

corresponding to eastward SAH displacement, are associated with positive height anomalies along the southern-to-455 

eastern flanks of the high and a compact negative height anomaly over the western Tibetan Plateau. This west–east 456 

height-anomaly pattern reverses for westward displacement. The corresponding cyclonic wind anomaly for eastward 457 

displacement lies between the KZI boxes, producing easterly anomalies in UN and westerly anomalies in Us; the signs 458 

reverse for westward displacement (Figure 10a,b,c). The regression slopes quantify the modulation: a one-standard-459 

deviation eastward displacement weakens the northern-box westerlies by 0.9 m s−1 and the southern-box easterlies by 460 

0.8 m s−1, with opposite-signed anomalies for a westward displacement. This north–south zonal-wind dipole is precisely 461 

the configuration schematised for the direct route (Figure 9a,b). Thus, zonal SAH displacement projects directly onto 462 
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the opposite-signed winds used to define the KZI, consistent with geometrical superposition of the displaced SAH 463 

circulation onto the index. 464 

 465 

Figure 9. Schematic of the direct geometrical route of summer SAH–WTV coupling. (a) Conceptual representation 466 

of the circulation changes associated with westward SAH displacement. The reference SAH position is shown by the 467 

dashed grey outline and the westward-displaced position by the vermillion outline and shading. The displacement is 468 

associated with an anticyclonic circulation anomaly (vermillion gyre) over the western Tibetan Plateau between the 469 

fixed KZI definition boxes (solid black), producing stronger westerly flow in the northern box (UN) and stronger 470 

easterlies in the southern box (US), consistent with the 200-hPa regression pattern in Figure 10a. (b) Summary of the 471 

statistical pathway linking SAH zonal displacement to KZI variability through its opposite-signed relationships with UN 472 

and US at 200 hPa (Table S2). 473 
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 474 

Figure 10. Circulation signatures of the direct geometrical SAH–WTV relationship in summer during 1979–475 

2023. (a) Detrended JJA 200-hPa geopotential-height (shading, gpm per standard deviation of the predictor) and 476 

horizontal-wind (vectors, m s−1 per standard deviation) anomalies regressed onto standardised SAH centre longitude, 477 

with positive values denoting eastward displacement. Shading and vectors are shown only where the corresponding 478 

regression is significant at (p<0.05).  The climatological 12,500-gpm geopotential-height contour (vermillion), 479 

climatological jet axis (bold black) and KZI definition boxes (solid) are superimposed. (b, c) Relationships of 480 

detrended JJA 200-hPa zonal wind  in the (b) northern and (c) southern KZI boxes with standardised SAH centre 481 

longitude; lines show least-squares fits. 482 

The two routes therefore provide complementary expressions of the observed SAH–WTV relationship. The jet-483 

mediated meridional route is associated primarily with jet displacement and southern-box easterly variability (Figure 484 

8c), whereas the direct zonal route projects onto both KZI boxes through displacement of the SAH circulation itself 485 

(Figure 10b,c). The latter is therefore consistent with geometrical superposition of the displaced SAH circulation onto 486 

the KZI-defining winds, rather than requiring transmission through the jet. The two routes are not statistically 487 
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independent, however, because SAH centre longitude also covaries with jet-axis latitude (R = −0.48 for the 200-hPa 488 

centre longitude; Table S2). 489 

 490 

6. The western centre of the SAH and its relationship with the WTV 491 

The preceding sections treated the SAH as a single circulation whose centre varies from year to year, consistent 492 

with its predominantly single-centred structure in summer-mean fields. At monthly to subseasonal timescales, however, 493 

a western centre over the Iranian Plateau has often been identified as either a preferred secondary centre or a distinct 494 

anticyclonic feature (Zhang et al., 2002; Qian et al., 2002; Liu et al., 2017; Zarrin et al., 2011; Tyrlis et al., 2013), and 495 

objective detection methods identify multiple coexisting centres more frequently in monthly and sub-daily fields (Peng 496 

et al., 2016; Siu and Bowman, 2020). The preferred-secondary-centre interpretation is closely related to the zonal 497 

oscillation of the SAH between its Iranian and Tibetan modes (Zhang et al., 2002), whose centre-longitude variability 498 

was shown in Sections 4 and 5.3 to be associated with the WTV. This raises a specific question: does the western centre 499 

at the levels relevant to the WTV represent the WTV itself, or is the relationship instead carried by continuous variability 500 

of the western flank of the SAH? 501 

We distinguish the occurrence of a discrete western centre from continuous variability of the western ridge. The 502 

results show that the former is primarily a monthly-to-subseasonal feature and not associated with WTV variability, 503 

whereas the latter covaries closely with the WTV in summer-mean fields. We therefore first characterize the timescale 504 

dependence of the western centre (Section 6.1), then test its relationship with the WTV (Section 6.2), and finally examine 505 

how continuous western-ridge variability relates to the zonal-displacement relationship identified in Sections 4 and 5.3 506 

(Sections 6.3-6.4). 507 

6.1. The western centre is primarily a monthly-to-subseasonal feature 508 

Using the 10-gpm prominence criterion defined in Section 2.3 to distinguish a separate maximum from a westward 509 

extension of the main high (Figure 11a,b), we find the summer-mean SAH is single-centred in all 45 summers at 100 510 

and 150 hPa and in 44 of 45 summers at 200 hPa (Figure 11e,f). At monthly resolution, however, a distinct western 511 

centre occurs in 18 of 135 JJA 200-hPa fields, mostly in July (Figure 11c). In these cases , a local height minimum 512 

separates the western maximum  from the main centre, as illustrated for July 1989 (Figure 11d). Thus, a discrete two-513 

centre structure occurs intermittently at monthly timescales but is almost entirely absent from the summer mean.  514 
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The distinction between a western ridge and a discrete western centre is continuous rather than categorical in the 515 

underlying height field. The western ridge amplitude varies continuously, whereas a separate centre is identified only 516 

when a western maximum becomes sufficiently prominent to satisfy the 10-gpm criterion (Figure 11a, b). 517 

 518 

Figure 11. Timescale dependence of the western centre of the South Asian High (SAH) in summer during 1979–2023. (a, b) 519 

Schematic geopotential-height profiles along a latitude circle illustrating the centre-detection criterion: (a) a single-centred 520 

configuration and (b) a dual-centred configuration, in which a secondary western maximum is identified only when the intervening 521 

height lies at least 10 gpm below the adjacent maxima. (c) Locations of the main SAH centres (grey dots) and coexisting secondary 522 

western centres (vermillion dots) detected in 135 JJA monthly 200-hPa fields, superimposed on climatological JJA 200-hPa 523 

geopotential-height contours. The bold vermillion contour denotes 12,500 gpm, and the star marks the climatological SAH centre. 524 

The lower histogram shows the distribution of monthly main-centre longitude, with vermillion ticks indicating secondary-centre 525 

longitudes. (d) Example of a pronounced dual-centre configuration in July 1989, showing 200-hPa geopotential-height (shading), 526 

the main centre (star), and the secondary western centre (diamond). The solid and dashed vermillion contours denote the monthly 527 

and climatological 12,500-gpm contours, respectively. The lower panel shows the 200-hPa height profile along the latitude of the 528 

western centre, with a 43-gpm depression separating the two maxima. (e) SAH centre locations in 45 JJA-mean fields (grey dots). 529 

The circulation is single-centred in all 45 summers at 100 and 150 hPa and in 44 of 45 summers at 200 hPa; the exceptional year, 530 

1983, is indicated by the blue dot (main centre) and vermillion diamond (secondary western centre). (f) Distribution of summer-531 

mean SAH centre-longitudes, with the vermillion tick indicating the secondary centre detected in 1983. 532 
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This timescale dependence is consistent with the classical bimodality of the SAH. Using Sarle’s bimodality 533 

coefficient (BC = (skewness² + 1)/kurtosis) for which BC > 5/9 indicates bimodality (Pfister et al., 2013), the monthly 534 

100-hPa centre-longitude distribution is bimodal, with preferred positions near 55°E and 85°E (BC = 0.60), whereas the 535 

summer-mean distribution shows no clear bimodality (BC = 0.41). The preferred positions are also level-dependent. At 536 

200 hPa, both preferred monthly main-centre longitudes lie over the Tibetan Plateau (80–100°E; Figure 11c), while a 537 

separate Iranian-Plateau maximum occurs only intermittently in the 18 dual-centre months. The detected frequency of 538 

multiple centres is sensitive to the prominence criterion, decreasing from 56% to 15% as the threshold increases from 539 

2.5 to 20 gpm, which may partly explain the higher frequencies reported when less prominent secondary maxima are 540 

included (Peng et al., 2016). Overall, the discrete SAH western centre is primarily an intermittent monthly-to-541 

subseasonal feature. In summer-mean fields, the separate western maximum is generally absent, and what remains of it 542 

is a westward extension of the main high toward the Iranian Plateau, a ridge whose strength varies from year to year. 543 

6.2. The discrete western centre carries little WTV signal 544 

The occurrence of a discrete western centre shows no detectable relationship with WTV amplitude. Among the 135 545 

JJA monthly fields, a coexisting western centre is detected in 18 months, mostly in July, but KZI values do not differ 546 

significantly between months with and without such a centre (t = −0.06, p = 0.95; Figure S4a,b). Moreover, the 547 

circulation composite for dual-centre months does not resemble the KZI-associated regression pattern (pattern 548 

correlation −0.44; Figure S4d). Thus, the occurrence of a discrete western centre does not provide a useful indicator of 549 

WTV variability. 550 

This null result does not reflect an absence of detectable WTV–SAH relationships at monthly resolution. Across 551 

the same 135 months, the west–east ridge-contrast correlates with the KZI at R = 0.35, 0.53, and 0.56 at 100, 150, and 552 

200 hPa, respectively (all p < 0.001; Table S2), with the strongest monthly relationship occurring in June at 200 hPa (R 553 

= 0.70, p < 0.001; Figure S4c). All monthly significances are based on autocorrelation-corrected effective sample sizes 554 

(Section 2.1). The monthly record therefore contains a clear relationship between continuous western-ridge variability 555 

and the WTV, even though discrete splitting itself carries no detectable WTV signal. 556 

6.3. Western-ridge amplitude covaries with the WTV 557 

The continuous western-ridge amplitude shows a markedly different relationship with the WTV. As defined in 558 

Section 2.3, the west–east contrast index measures the height of the western flank relative to the eastern flank of the 559 

SAH, thereby reducing the contribution from basin-wide variations in the overall strength of the high. 560 



 

 

 

28 

In summer-mean fields, the west-east contrast correlates with the KZI at R = 0.38, 0.51, and 0.54 at 100, 150, and 561 

200 hPa, respectively, strengthening with height (Figure 12a, b). By contrast, neither the maximum height on the western 562 

flank (R = 0.25, 0.23, and 0.19) nor the mean height over the broader western box (10–45°N, 20–70°E; R = −0.04, 0.14, 563 

and 0.18) is significantly correlated with the KZI (Figure 12b; Table S2). The relationship is therefore associated with 564 

the relative prominence and westward extension of the western ridge relative to the eastern high, rather than simply with 565 

the absolute height of the western SAH.  566 

Western-ridge amplitude also contains statistical information beyond SAH centre-position. Adding the ridge-567 

contrast index to the centre-position regression increases the explained KZI variance from 52.8% to 61.5% (Table S2). 568 

Consistently, the 200-hPa height-anomaly composite for strong-western-ridge summers closely resembles the KZI-569 

associated regression pattern (pattern correlation = 0.81; Figure 12c). These results show that western-ridge variability 570 

at 150–200 hPa is closely associated with the WTV, although the two quantities are not identical. 571 

The relationship also persists after removing the component of the KZI linearly associated with SAH meridional 572 

displacement. The resulting residual index KZIpure retains 62% of the original KZI variance and correlates with the raw 573 

KZI at R = 0.79 (Figure S5a). Its associated circulation retains the characteristic WTV dipole structure, with spatial 574 

pattern correlations of 0.89 for wind and 0.85 for geopotential height relative to the raw-KZI patterns (Figure S5b–e; 575 

Table S2). Against this displacement-independent index, the west–east ridge contrast correlation remains correlated 576 

with KZIpure at R = 0.54, 0.63, and 0.61 at the three levels (Figure 12b). Thus, the western-ridge relationship cannot be 577 

explained solely by the meridional-displacement component embedded in the summer KZI. 578 

Western-ridge variability is nevertheless closely related to the zonal SAH displacement coupling documented in 579 

Sections 4 and 5.3. The KZI-centre-longitude relationship strengthens with height, from R = −0.35 at 100-hPa, to −0.48 580 

at 150-hPa, and −0.64 at 200-hPa, while the ridge contrast correlates with the centre longitude at R = −0.56, −0.71, 581 

and −0.66 at the same levels (Figure 12b; Figure S6a). Removing the centre-longitude component reduces the 200-hPa 582 

ridge-contrast-KZI correlation to a non-significant 0.20. However, the ridge contrast still adds significant information 583 

beyond the full two-coordinate centre-position model (partial R = 0.43, p = 0.003; Figure S6b). The ridge contrast 584 

therefore provides a complementary western-flank measure of zonal SAH variability: it describes the height anomaly 585 

over the KZI domain more directly than does the coordinate of the SAH centre itself. 586 
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 587 

Figure 12. Relationship between summer WTV variability and the western ridge of the South Asian High (SAH) during 588 

1979–2023. (a) Relationship between the detrended JJA west–east ridge-contrast index and the Karakoram Zonal Index (KZI). Grey 589 

dots represent summers with a single SAH centre, and the blue dot denotes 1983, the only summer with a distinct secondary western 590 

centre. The vermillion line shows the least-squares fit. (b) Correlations of the KZI with SAH centre longitude, western maximum 591 

geopotential height, and west–east ridge contrast at 100, 150, and 200 hPa, together with correlations of the ridge contrast with 592 

 KZIpure, defined as the KZI residual after removing its linear association with SAH centre latitude. Asterisks indicate statistical 593 

significance at p < 0.05. (c) Schematic synthesis of the relationships examined in Section 6, distinguishing the intermittent 594 

occurrence of a discrete western centre from continuous western-ridge variability and its association with the WTV and zonal SAH 595 

displacement. 596 

6.4. Vorticity-budget characteristics of the western-ridge anomaly  597 

The summer-mean vorticity budget provides additional dynamical context for the relationship between western-598 

ridge and WTV variability. Strong western-ridge summers are characterized by an anticyclonic vorticity anomaly over 599 

the Iranian flank, flanked by cyclonic anomalies to the west and east, at both 200 and 100 hPa (Figure S7a, c). At 200 600 

hPa this composite closely resembles the KZI-associated vorticity pattern (pattern correlation = 0.84).  601 

Projected onto the western-ridge anomaly (Figure S7d), the summer-mean MAINT projection is 5.4 × 10⁻⁶ s⁻¹ at 602 

200 hPa, supporting the ridge, whereas the PROP, STRETCH and VERT projections are −8.2, −9.6 and −0.2 × 10⁻⁶ s⁻¹, 603 

respectively. The STRETCH opposition is dominated by its planetary part and reaches −20.2 × 10⁻⁶ s⁻¹ at 100 hPa. The 604 
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residual term 𝑅′ also projects positively onto the ridge, with 12.6 × 10⁻⁶ s⁻¹ at 200 hPa, a contribution larger than any of 605 

the explicitly resolved terms. The summer-mean budget therefore does not permit a complete attribution of ridge 606 

maintenance; the alignment statements above concern the explicitly resolved linear terms only. In the projection 607 

framework of Section 2.5, MAINT is therefore spatially aligned with the western-ridge anomaly, whereas the other 608 

diagnosed terms oppose it.  609 

The component of MAINT reconstructed from the KZI-associated anomaly also projects positively onto the 610 

western-ridge anomaly (Figure S7b). Its projection is 3.0 × 10⁻⁶ s⁻¹, equivalent to 55% of the full MAINT projection at 611 

200 hPa (61% at 100 hPa). Thus, the major part of the anomalous-wind contribution to the summer-mean vorticity 612 

budget is associated with the independently defined WTV circulation. 613 

This budget does not, however, establish the direction of interaction between the WTV and western ridge. A 614 

western-ridge anomaly necessarily carries a dynamically balanced wind anomaly that could produce a similar MAINT 615 

pattern, while the summer-mean budget does not resolve the temporal tendency required to distinguish cause from 616 

response. The results therefore demonstrate dynamical consistency between the WTV-associated circulation (Li et al., 617 

2018, 2022) and western-ridge anomaly, rather than a one-way causal influence. Resolving the direction of interaction 618 

would require a daily tendency budget.  619 

Taken together, these results distinguish two meanings of the SAH “western centre.” A discrete coexisting western 620 

centre at 200 hPa is intermittent, occurring in only 18 of 135 summer months (Figure 11c) and its occurrence carries no 621 

detectable WTV signal, with WTV amplitude statistically unchanged (p = 0.95). It is instead a separate, intermittent 622 

feature of the SAH, the monthly-scale expression of the classical bimodality of the high. In contrast, the continuous 623 

western-ridge amplitude covaries closely with the WTV, particularly at 150–200 hPa, and this relationship persists after 624 

removal of the meridional SAH-displacement component from the KZI (R = 0.54 at 200 hPa, and 0.63 against KZIpure 625 

at 150 hPa). The ridge variability is also closely related to the zonal SAH displacement identified in Sections 4 and 5.3. 626 

The western-centre relationship with the WTV is therefore better understood in terms of continuous western-flank 627 

variability of the SAH than as correspondence between the WTV and intermittent centre splitting. 628 

7. Evaluation of SAH–WTV coupling in CMIP6 models 629 

We assess whether the selective SAH–WTV relationships identified in Sections 4–6 are reproduced by 53 CMIP6 630 

historical simulations over 1979–2014. For each model, the KZI, SAH centre position, intensity and area, subtropical 631 

jet characteristics, and west–east ridge contrast are calculated using the observational definitions. Correlations and 632 
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regression diagnostics are evaluated from linearly detrended JJA time series and compared with ERA5 over the same 633 

period (Table 2; Figure 13). This evaluation focuses on the internal relationships among the SAH, subtropical jet, and 634 

WTV. The NIO-related forcing links are examined in the companion study (Li et al., 2026) and are included in the full 635 

seven-link evaluation in Figure S8. 636 

The models broadly reproduce the observed selectivity of SAH–WTV coupling with respect to SAH position rather 637 

than intensity or area. The correlations of the KZI with SAH centre latitude and longitude have the observed signs in 638 

96% of models. Their ensemble-mean correlations are 0.57 and −0.44, respectively, compared with 0.58 and −0.57 in 639 

ERA5 (Figure 13a; Table 2). In contrast, the observed correlations with SAH intensity and area are close to zero (−0.02 640 

and 0.05, respectively). Consistent with this weak observed association, the corresponding relationships are statistically 641 

non-significant in 70% and 88% of models. Nevertheless, the ensemble-mean intensity correlation is weakly positive 642 

(0.21), indicating a modest model tendency toward an intensity–KZI relationship that is absent in ERA5. Thus, the 643 

distinction between positional and amplitude-related SAH characteristics is broadly reproduced, although not uniformly 644 

across individual models. 645 

The jet-related relationships are also reproduced in sign, but their magnitudes are systematically weaker than 646 

observed. The correlations between SAH centre latitude and jet-axis latitude, and between jet-axis latitude and the KZI, 647 

have the observed positive signs in 98% of models (Figure 13b; Table 2). However, their ensemble-mean values are 648 

only 0.32 and 0.49, compared with 0.78 and 0.75 in ERA5, respectively. The particularly large underestimate of the 649 

SAH–jet correlation indicates that models reproduce the direction of the meridional coupling more consistently than its 650 

strength. This discrepancy is compatible with previously documented biases in subtropical jet variability (Harvey et al., 651 

2020; Zhou et al., 2022), although the present analysis does not isolate the source of the bias. 652 

Table 2. Observations and CMIP6-simulated relationships among the South Asian High (SAH), subtropical 653 

westerly jet, and Western Tibetan Vortex (WTV) in summer during 1979–2014.  654 

Relationship Observed (ERA5) CMIP6 mean [P10–
P90] 

Model agreement 

SAH position–WTV relationships 

KZI vs SAH centre 

latitude 
+0.58*** +0.57*** [+0.25, +0.79] 96% 

KZI vs SAH centre 

longitude 
−0.57*** −0.44*** [−0.65, −0.10] 96% 

SAH amplitude–WTV relationships 

KZI vs SAH intensity† −0.02 +0.21*** [−0.06, +0.49] 70% n.s. 

KZI vs SAH area†‡ +0.05 −0.02 [−0.29, +0.28] 88% n.s. 

Jet-mediated relationships 
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SAH centre vs jet-axis 

latitude 
+0.78*** +0.32*** [+0.11, +0.54] 98% 

KZI vs jet-axis latitude +0.75*** +0.49*** [+0.18, +0.77] 98% 

Note: For observational–model consistency the SAH centre is taken from the 100 hPa height field in both. P10–P90 is 655 

the 10th–90th percentile range across models. † For the two amplitude links the observed correlation is near zero; the 656 

last column instead gives the share of models with a non-significant (n.s.) correlation (|R| < 0.33, p > 0.05). ‡ Computable 657 

in 34 of the 53 models (the 16,720-gpm contour is absent or covers the domain in the remaining models). Asterisks on 658 

the observed values follow Table 1. Asterisks on the model means denote the cross-model significance of the ensemble-659 

mean correlation (one-sample t-test on the Fisher-z-transformed correlations across the 53 models, following Wilks 660 

(2011); p < 0.001 for the five marked links; the area link is non-significant). All observed values are computed from 661 

ERA5. 662 

 663 

Figure 13. Evaluation of summer SAH–WTV coupling in 53 CMIP6 historical simulations during 1979–2014. (a) Cross-664 

model distributions of correlations between the Karakoram Zonal Index (KZI) and SAH centre latitude, centre longitude, intensity 665 

and area at 100-hPa. (b) As in (a), but for correlations between SAH centre latitude and subtropical jet-axis latitude, and between 666 

jet-axis latitude and the KZI. (c) Cross-model distributions of correlations between the KZI and the west–east SAH ridge contrast 667 

index at 100, 150 and 200 hPa. (d) Cross-model distribution of the incremental explained variance obtained by adding the 200-hPa 668 

ridge contrast index to a multiple regression of the KZI on SAH centre latitude and longitude. All correlations and regressions are 669 

calculated from linearly detrended JJA time series. Boxes indicate the 25th–75th percentiles, dashed whiskers the 10th–90th 670 

percentiles, and dots individual models; stars denote the corresponding ERA5 values over 1979–2014.  Annotations indicate the 671 

percentage of models reproducing the observed correlation sign, except for the SAH-intensity and SAH-area relationships, for which 672 

they indicate the percentage of models with statistically non-significant correlations (p > 0.05). SAH area is available in 34 models; 673 

all other diagnostics use 53 models. The extended evaluation, including NIO-related forcing links, is presented in Figure S8. 674 
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A further cross-model test supports the relevance of the jet-mediated relationship. Models with stronger SAH–jet 675 

correlations also tend to exhibit stronger jet–KZI correlations (cross-model R = 0.38, p = 0.006; Figure S8c). The 676 

analogous cross-model relationships for the SAH–KZI and NIO–KZI link pairs are weaker and not statistically 677 

significant (R = 0.21 and 0.19, respectively; Figure S8b,d). This contrast provides additional evidence that the SAH–jet 678 

and jet–WTV relationships form a coherent statistical pathway across the model ensemble. It does not, however, 679 

establish the temporal or causal direction of the coupling. 680 

The models also reproduce the association between western-ridge variability and the WTV identified in Section 6. 681 

The west–east ridge contrast correlates positively with the KZI at 100, 150 and 200 hPa in 87–98% of models (Figure 682 

13c). The corresponding ensemble-mean correlations are 0.40, 0.34 and 0.21, compared with 0.57, 0.69 and 0.69 in 683 

ERA5 over 1979–2014. The pronounced weakening of the simulated relationship at 150–200 hPa indicates that models 684 

capture its vertical occurrence and sign more successfully than its observed strength. 685 

The western-ridge contrast also provides additional explanatory information beyond SAH centre position. Adding 686 

the 200-hPa ridge contrast to a regression containing SAH centre-latitude and longitude increases the explained summer 687 

KZI variance in every model. The mean increment is 7.1 percentage points, compared with 10.2 percentage points in 688 

ERA5 (Figure 13d). Because an additional predictor cannot reduce ordinary least-squares (R2), this universally positive 689 

increment should be interpreted primarily in terms of its magnitude rather than its occurrence. The model-mean 690 

increment nevertheless indicates that western-ridge variability contains information about the KZI not fully represented 691 

by the SAH centre coordinates. 692 

Overall, the 53 CMIP6 models reproduce three central features of the observed summer SAH–WTV relationship: 693 

the predominance of SAH position over intensity and area, the positive relationships connecting SAH meridional 694 

position, jet latitude, and WTV variability, and the association between western-ridge amplitude and the KZI. The 695 

consistency of these relationships across models supports their robustness beyond the ERA5 record. However, the 696 

models substantially underestimate the observed SAH–jet and upper-level western-ridge correlations. The ensemble 697 

therefore reproduces the principal statistical structure of the coupling more successfully than its quantitative strength. 698 

8. Conclusions and discussion 699 

This study clarifies the distinction and selective coupling between the Western Tibetan Vortex (WTV) and the 700 

South Asian High (SAH) using ERA5 reanalysis for 1979–2023 and historical simulations from 53 CMIP6 models. By 701 

combining circulation diagnostics, statistical decomposition, and vorticity-budget analysis, we distinguish the WTV as 702 
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a recurrent circulation-variability mode from the SAH as a summer anticyclonic circulation system, quantify their 703 

position-dependent relationships, and reassess the interpretation of the SAH's western centre. The principal findings are 704 

as follows. 705 

(1) The WTV and SAH are distinct atmospheric phenomena. The SAH is a thermally driven, upper-tropospheric 706 

anticyclone that develops primarily in summer, whereas the WTV is a year-round circulation-variability mode with 707 

a deep, quasi-barotropic structure (Li et al., 2018, 2022). Although their circulation patterns overlap spatially during 708 

summer, WTV amplitude is not significantly related to SAH intensity or area. Their spatial coexistence therefore 709 

does not imply that the WTV is a component of the SAH. 710 

(2) Their summer variability is selectively coupled through SAH position rather than strength. SAH centre 711 

latitude and longitude jointly explain 53% of the interannual variance in the summer Karakoram Zonal Index (KZI). 712 

Two complementary statistical pathways characterize this relationship. Meridional (north-south) SAH displacement 713 

is associated with changes in subtropical jet latitude and speed, which together explain 76% of KZI variance. Zonal 714 

(east-west) SAH displacement is associated with anticyclonic circulation anomalies over the western Tibetan 715 

Plateau that project directly onto the KZI wind components. These jet-mediated and direct geometrical relationships 716 

provide a coherent description of the observed coupling, although their causal direction cannot be established from 717 

contemporaneous regressions alone. 718 

(3) The SAH western-ridge relationship with the WTV differs fundamentally from the occurrence of a discrete 719 

western centre. At 200 hPa, a distinct secondary western centre occurs in only 18 of 135 summer months and shows 720 

no detectable association with KZI amplitude. In contrast, continuous western-ridge variability at 150–200 hPa 721 

covaries closely with the WTV and is related to zonal SAH displacement. Removing the component of the KZI 722 

linearly associated with SAH meridional displacement leaves 62% of its original variance and preserves the 723 

characteristic WTV circulation pattern. The summer-mean vorticity budget further demonstrates dynamical 724 

consistency between WTV-associated winds and western-ridge anomalies, without resolving the direction of their 725 

interaction. 726 

(4) CMIP6 models broadly reproduce the coupling structure but underestimate several observed relationships. 727 

Most of the 53 models reproduce the observed signs of the SAH-position and jet-related correlations, as well as the 728 

positive western-ridge–KZI relationship.  Across models stronger SAH–jet coupling is associated with stronger jet–729 

WTV coupling. Nevertheless, the ensemble substantially underestimates the observed SAH–jet and upper-level 730 
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western-ridge correlations. Thus, the models reproduce the qualitative structure and selectivity of the coupling more 731 

successfully than its quantitative strength. 732 

These findings resolve an important conceptual ambiguity. The SAH is a circulation system identified from the 733 

atmospheric height and wind fields, whereas the WTV describes a recurrent mode of circulation variability over the 734 

western Tibetan Plateau. A variability mode may overlap a circulation system and covary with its displacement without 735 

constituting a distinct component of that system. The persistence of the WTV outside summer, its weak relationship 736 

with SAH intensity and area, and the retention of its characteristic circulation after removing the meridional SAH-737 

displacement component all support this distinction. The WTV is therefore neither a separate summer anticyclone nor 738 

simply the western centre of the SAH; it is a circulation-variability mode whose summer expression is selectively 739 

associated with SAH position. 740 

The results also connect two previously distinct lines of research. Studies of the SAH have emphasized its 741 

meridional displacement and zonal oscillation between Tibetan and Iranian modes (Zhang and Wu, 2001; Zhang et al., 742 

2002), whereas studies of the WTV have highlighted its year-round variability and seasonal relationship with the 743 

subtropical jet (Li et al., 2018, 2022). Our analysis quantitatively links these perspectives through the SAH's positional 744 

variability. In particular, the association between KZI and continuous SAH centre longitude does not require a bimodal 745 

distribution of centre positions, an issue that remains debated (Nützel et al., 2016). The jet-mediated relationship also 746 

helps explain why SAH–WTV coupling is most prominent during summer (Li et al. 2018), when the upper-tropospheric 747 

anticyclone and subtropical jet exhibit strong meridional covariability.  748 

The interpretation of the SAH western centre requires particular attention to vertical level and temporal averaging. 749 

Previous studies have described the western centre in terms of Iranian Plateau heating, regional subsidence and heating 750 

over the Zagros Mountains, or intermittent splitting of the monsoon anticyclone (Zhang et al., 2002; Qian et al., 2002; 751 

Liu et al., 2017; He et al., 2019; Zarrin et al., 2011; Tyrlis et al., 2013; Siu and Bowman, 2020). These interpretations 752 

need not be mutually exclusive because they concern different aspects of the circulation. Our results show that discrete 753 

centre splitting is primarily a monthly-to-subseasonal feature, whereas the continuous western ridge in summer-mean 754 

fields at 150–200 hPa is closely associated with WTV variability. This distinction is compatible with the height-755 

dependent structure and westward tilt of the SAH (Jia and Liu, 2020), but does not establish that the WTV dynamically 756 

maintains the western ridge. 757 
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Several limitations point to future research priorities. First, the observed relationships are based mainly on 758 

simultaneous seasonal statistics. Although the jet-mediated and direct geometrical pathways are consistent with the 759 

circulation structure and geostrophic balance, their temporal ordering and possible feedbacks remain unresolved. The 760 

summer-mean vorticity budget likewise identifies terms aligned with western-ridge anomalies but lacks the tendency 761 

information needed to determine whether WTV-associated circulation changes precede or follow ridge development. 762 

Daily or subseasonal tendency budgets, together with targeted numerical experiments, would help distinguish these 763 

possibilities. 764 

Second, the role of external forcing warrants further investigation. Tropical-thermal influences associated with the 765 

northern Indian Ocean and Indian Ocean Basin Mode may affect the SAH and subtropical jet (Yang et al., 2007; Xie et 766 

al., 2009; Huang et al., 2011), while disturbances associated with Rossby wave propagation, including those linked to 767 

the North Atlantic Oscillation, may influence the WTV more directly (Lei et al., 2025). Potential influences of ENSO 768 

on autumn WTV variability also merit examination (Jiang et al., 2025). How these forcing pathways interact, and 769 

whether they modify the strength or direction of SAH–WTV coupling, remains an open question. Finally, the 770 

pronounced seasonal dependence of the relationships (Figure S2), together with the systematic underestimation of their 771 

strength in CMIP6 models, suggests opportunities to investigate seasonally dependent WTV predictability and the model 772 

processes controlling its representation. 773 

Overall, the WTV and SAH should be regarded as distinct but selectively coupled aspects of the upper-tropospheric 774 

circulation. Their summer relationship is organized primarily by SAH displacement, subtropical jet variability, and the 775 

continuous western ridge rather than by SAH intensity or intermittent centre splitting. This distinction provides a clearer 776 

framework for interpreting the dynamics, climate variability, and model representation of the circulation over the 777 

western Tibetan Plateau. 778 
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