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Abstract. ENSO teleconnections are not stationary, but how this nonstationarity reorganizes spring 8 

hydroclimate across Asia remains unclear. Spring rainfall is particularly important for the Arabian 9 

Peninsula, one of the world’s most arid regions, where even modest rainfall changes can affect water 10 

availability and drought risk. Here we show that a March–April rainfall seesaw between the Arabian 11 

Peninsula and northern Southeast Asia strengthened markedly after the late 1990s. During 1979–12 

1998, ENSO-related convection and circulation anomalies remained mainly confined to the tropical 13 

Pacific–Maritime Continent sector and projected only weakly toward the Arabian Peninsula, with 14 

limited evidence of a coherent pathway linking the two regions. During 1999–2023, the ENSO-15 

related response extended farther westward and northwestward, linking El Niño-related suppressed 16 

convection and reduced rainfall over northern Southeast Asia with enhanced rainfall over the 17 

Arabian Peninsula. This shift was associated with a reorganization of Indo-Pacific overturning, 18 

including a more distinct double-cell Walker response, a strengthened Arabian Peninsula vertical 19 

branch extending farther northward, and enhanced upper-level Rossby-type and thermal adjustment. 20 

Idealized model experiments show that western equatorial Indian Ocean heating can generate an 21 

Arabian Peninsula-sector response and that this response becomes more effective under the later-22 

period background state. Observed changes in convection, low-level pressure and winds, and the 23 

upper-level jet and divergence further indicate that the later-period ENSO anomalies developed 24 
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 2 

within a modified mean-state environment. These results identify a nonstationary ENSO 25 

teleconnection pathway in which the westward extension of tropical heating anomalies, Walker–26 

Hadley coupling, and off-equatorial upper-level adjustment connect spring rainfall variability across 27 

Southeast and West Asia. 28 

1. Introduction 29 

Spring rainfall during March–April plays a critical role in hydroclimate variability across West 30 

and Southeast Asia. Over the Arabian Peninsula (AP), rainfall is generally sparse and highly 31 

variable, but spring precipitation contributes a substantial fraction of the annual total, reaching 50% 32 

in some southern areas (Fig. S1). Because the AP lies within one of the world’s most arid regions, 33 

even modest changes in spring rainfall can affect drought risk, dust activity, groundwater recharge, 34 

vegetation conditions, and water-resource availability (Peel et al., 2007; Barlow et al., 2016; 35 

Almazroui et al., 2019). AP spring rainfall variability is also linked to circulation anomalies 36 

involving the subtropical westerlies, the Mediterranean–Middle East storm track, the Indian Ocean, 37 

and tropical–extratropical wave activity (Rodwell and Hoskins, 1996; Kang et al., 2015; Barlow et 38 

al., 2016). 39 

Over northern Southeast Asia (SEA), boreal spring marks the transition from the dry winter 40 

monsoon to the wet summer monsoon regime. Rainfall during this period regulates soil moisture 41 

before monsoon onset and strongly affects agriculture, water resources, and ecosystem productivity 42 

(Chang et al., 2005; LinHo et al., 2008). Deficits in pre-monsoon rainfall can intensify heat stress, 43 

drought, and wildfire risk, whereas anomalously wet conditions can alter land–atmosphere feedbacks 44 

before the rainy season begins (Kiguchi et al., 2016). Although the AP and northern SEA are 45 

geographically distant and climatologically distinct, both regions are embedded within the broader 46 

Indo-Pacific climate system. This raises the possibility that their spring rainfall variability may 47 

become dynamically linked under certain large-scale circulation states. 48 
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The El Niño–Southern Oscillation (ENSO) is the dominant mode of interannual climate 49 

variability and exerts widespread influence across the Indo-Pacific (Rasmusson and Carpenter, 1982; 50 

Wang et al., 2000; Trenberth et al., 2002; McPhaden et al., 2006). ENSO-related sea surface 51 

temperature (SST) anomalies modify deep convection over the tropical Pacific, reorganize the 52 

Walker circulation, and excite atmospheric responses that extend into the subtropics and extratropics 53 

(Hoskins and Karoly, 1981; Sardeshmukh and Hoskins, 1988; Alexander et al., 2002). During boreal 54 

spring, El Niño events are typically associated with suppressed convection and reduced rainfall over 55 

northern SEA, whereas La Niña tends to enhance rainfall (Wang et al., 2000; Juneng and Tangang, 56 

2005; Räsänen et al., 2016; Nguyen-Thanh et al., 2023; Nguyen-Le, 2024). Over the AP, ENSO 57 

influences are generally weaker and more indirect, often mediated by the Indian Ocean, subtropical 58 

westerlies, tropical–extratropical wave activity, and intraseasonal variability (Rodwell and Hoskins, 59 

1996; Ashok et al., 2007; Kang et al., 2015; Barlow et al., 2016; Almazroui et al., 2022; Almazroui, 60 

2023; Horan et al., 2023; Zheng and Hoteit, 2025). Despite extensive documentation of ENSO 61 

impacts on each region separately, it remains unclear whether ENSO can dynamically connect spring 62 

rainfall variability between northern SEA and the AP. 63 

A key challenge is that ENSO teleconnections are not stationary. Their amplitude, spatial 64 

pattern, and regional expression can vary across decades because of changes in ENSO diversity, 65 

tropical mean-state conditions, Indo-Pacific SST gradients, and extratropical waveguide structure 66 

(Power et al., 1999; Deser et al., 2004; Yeh et al., 2009; Cai et al., 2014; Xie et al., 2016; Wang et 67 

al., 2020). The late 1990s marked a prominent transition in Pacific decadal variability and coincided 68 

with accelerated warming of the Indian Ocean (Dong and McPhaden, 2017; Hu et al., 2020). Since 69 

the early 2000s, ENSO characteristics have also shifted, including changes in the relative occurrence 70 

of central-Pacific, or ENSO Modoki-like, El Niño events and the decay behavior of canonical El 71 

Niño episodes (Lübbecke and McPhaden, 2014; Rodrigues et al., 2019; Hu et al., 2020). These 72 

changes can alter tropical convection, the Walker circulation, upper-tropospheric zonal winds, and 73 
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Rossby-wave propagation pathways. Previous studies have documented decadal changes in ENSO 74 

properties, tropical Pacific variability, and Indo-western Pacific teleconnection pathways, including 75 

changes in how ENSO-related anomalies project onto Asian hydroclimate (Hu et al., 2013; Wang et 76 

al., 2013; Wang et al., 2020; Dong and McPhaden, 2017; Hu et al., 2020). Whether such 77 

nonstationarity has reorganized rainfall coherence between distant Asian regions such as northern 78 

SEA and the AP has not been systematically examined. 79 

The potential SEA–AP connection is physically meaningful because the two regions lie on 80 

different sides of the Indo-Pacific overturning system. Northern SEA is located near the Maritime 81 

Continent and western Pacific, where ENSO strongly modulates deep convection and the Walker 82 

circulation. The AP lies farther west and poleward, where ENSO signals must be transmitted through 83 

tropical overturning, regional meridional circulation, subtropical wave activity, and background-flow 84 

influences. A strengthened AP–SEA rainfall relationship would therefore indicate more than a local 85 

rainfall correlation; it would point to a broader reorganization of the Indo-Pacific teleconnection 86 

pathway. In particular, a westward and northwestward extension of ENSO-related circulation 87 

anomalies could link convection anomalies over northern SEA with opposite rainfall anomalies over 88 

the AP through coupled Walker–Hadley adjustment and upper-level Rossby-type responses. 89 

In this study, we examine how the March–April rainfall relationship between northern SEA and 90 

the AP has changed since the late 1990s and how this change is linked to ENSO teleconnection 91 

variability. We first document the emergence of an anti-phase rainfall relationship between the two 92 

regions and evaluate its dependence on Niño3.4 and Indian Ocean basin-wide SST variability. We 93 

then diagnose associated changes in tropical convection, lower- and upper-level circulation, Walker–94 

Hadley overturning, and upper-level Rossby-type and thermal responses. Finally, we examine 95 

March–April mean-state changes and perform idealized model experiments with prescribed western 96 

equatorial Indian Ocean heating to test whether this heating can generate an AP-sector response and 97 

whether that response depends on the background state. Our analysis shows that the strengthened 98 
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SEA–AP rainfall linkage reflects a nonstationary ENSO teleconnection pathway involving 99 

reorganized Indo-Pacific overturning, off-equatorial upper-level adjustment, and a background-state-100 

sensitive response to western Indian Ocean heating. 101 

2. Data and methods 102 

2.1 Observational and reanalysis datasets 103 

This study focuses on March–April (MA) during 1979–2023. Monthly atmospheric fields were 104 

obtained from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 105 

reanalysis (Hersbach et al., 2020). The variables used include horizontal winds, vertical velocity, 106 

geopotential height, air temperature, velocity potential, divergent winds, mean sea-level pressure, 107 

and upper-level divergence. ERA5 fields were analyzed at a horizontal resolution of 0.25° × 0.25° 108 

unless otherwise stated. Monthly sea surface temperature (SST) anomalies were obtained from the 109 

Hadley Centre Sea Ice and Sea Surface Temperature dataset (HadISST; Rayner et al., 2003), 110 

available on a 1° × 1° grid. Monthly precipitation data were taken from the CMAP with a horizontal 111 

resolution of 2.5° × 2.5° and available from 1979 to the present (Xie and Arkin, 1997). The Global 112 

Precipitation Climatology Project (GPCP; Adler et al., 2003) v2.3 dataset is used to verify the 113 

robustness of the CMAP-based findings. Outgoing longwave radiation (OLR), used as a proxy for 114 

deep tropical convection, was obtained from the NOAA Climate Data Record (CDR) on a 2.5° × 2.5° 115 

grid (Lee et al., 2007). All variables were converted to March–April seasonal means for each year. 116 

Monthly anomalies were calculated by subtracting the 1979–2023 climatological mean, and linear 117 

trends were removed.  118 

2.2 Rainfall, SST, Walker circulation, and vertical-branch indices 119 

The Arabian Peninsula (AP) rainfall index was defined as the area-averaged March–April 120 

precipitation over 12.5°–32.5°N, 35°–60°E. The northern Southeast Asia (SEA) rainfall index was 121 

defined as the area-averaged March–April precipitation over 0°–20°N, 90°–130°E. Area averages 122 
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were weighted by the cosine of latitude. ENSO variability was represented by the Niño3.4 index, 123 

calculated as the normalized SST anomalies averaged over 5°S–5°N, 170°–120°W. The Indian 124 

Ocean Basin Mode index (IOBMI; Yang et al., 2007; 2009) was calculated as the area-averaged SST 125 

anomalies over 20°S–20°N, 40°–110°E. Both indices were calculated for March–April and 126 

standardized over 1979–2023. The analysis period was divided into an earlier period, P1 (1979–127 

1998), and a later period, P2 (1999–2023), based on the late-1990s transition indicated by the 128 

moving-correlation diagnostics. 129 

The Walker circulation index (WCI) was defined using the sea-level pressure difference between 130 

the eastern and western tropical Pacific (Vecchi et al., 2006). First, the raw dSLP index is calculated 131 

as the sea-level pressure anomaly difference between the eastern tropical Pacific (5°S–5°N, 160°–132 

80°W) and the western tropical Pacific (5°S–5°N, 80°–160°E): 133 

𝑑𝑆𝐿𝑃  =  &SLP''!∘S"!∘N, %&'∘"('∘W −  &SLP''!∘S"!∘N, ('∘"%&'∘E   (1) 134 

where SLP' denotes the March–April sea-level pressure anomaly, and angle brackets denote area 135 

averaging. Because this raw dSLP index tends to be negative during El Niño conditions, we define: 136 

WCI = −dSLP.       (2) 137 

With this sign convention, positive WCI values correspond to an El Niño-like weakening of the 138 

Pacific Walker pressure gradient. This index is used to quantify the large-scale Pacific Walker 139 

circulation variability associated with ENSO. 140 

Regional vertical-branch indices (VBI) were defined using the layer-mean pressure velocity over 141 

700–300 hPa. Because upward motion corresponds to negative pressure velocity, the VBI was 142 

calculated from -w: 143 

VBI = ⟨−ω⟩)''"*'' hPa.       (3) 144 

Positive VBI values therefore indicate stronger upward motion. The AP VBI was averaged over 145 

12.5°–32.5°N, 35°–60°E, and the SEA VBI was averaged over 0°–20°N, 90°–130°E. 146 
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2.3 Regression, partial correlation, and moving correlation analyses 147 

Linear regression was used to quantify the atmospheric response to ENSO. For each period, 148 

March–April atmospheric anomalies were regressed onto the standardized Niño3.4 index. 149 

Differences in regression coefficients were calculated as P2 minus P1. 150 

To remove the respective impacts of IOBM and Niño-3.4 indices, we employ a partial 151 

correlation method (Ashok et al., 2007; Whittaker, 2008). The partial correlation coefficient is 152 

calculated as: 153 

𝑟%,|* =
."#"."$.#$

/%"."$# /%".#$#
       (4) 154 

where rij represents the linear correlation coefficient between variables Ai and Aj, and r12|3 155 

denotes the partial correlation coefficient between A1 and A2 after removing the influence of A3. 156 

Time-varying relationships were examined using 19-year moving correlations. The statistical 157 

significance of correlation coefficients is assessed using a two-tailed Student’s t-test, accounting for 158 

the effective number of degrees of freedom 𝑁𝑒𝑓𝑓 (Bretherton et al., 1999). Unless otherwise stated, 159 

all significance is evaluated at the 95% confidence level. 𝑁𝑒𝑓𝑓 is calculated based on the lag–1 160 

autocorrelation of variables x and y as: 161 

𝑁011 = 𝑁 %".%.&
%2.%.&

         (5) 162 

where N is the original sample size, and r1 and r2 are the lag–1 autocorrelation coefficient of 163 

variables x and y, respectively.  164 

2.4 Wave activity flux and Rossby wave source diagnostics 165 

The stationary wave activity flux (WAF; Takaya and Nakamura, 2001) was calculated to 166 

diagnose the preferred direction of Rossby wave activity propagation. WAF vectors were masked in 167 

the deep tropics and in regions of weak background flow and were scaled for display. They are 168 

interpreted qualitatively as indicators of the stationary wave-activity pathway. 169 
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where p denotes the pressure normalized by 1000 hPa, a is Earth’s radius, φ is the latitude, λ is 171 

the longitude, and |U|, U, and V represent the basic states of wind speed, and the zonal and 172 

meridional wind components, respectively. The perturbation streamfunction ψ’ was calculated from 173 

200-hPa geopotential height as 174 

ψ> = @A#(('

1
,        (7) 175 

where g is gravitational acceleration and f = 2Ωsinφ is the Coriolis parameter, with Ω 176 

representing the Earth’s rotation rate. WAF vectors were masked in the deep tropics and in regions 177 

of weak background flow and were scaled for display. They are interpreted qualitatively as indicators 178 

of the preferred stationary wave-activity pathway. 179 

The Rossby wave source (RWS) is a term used to describe the mechanisms that generate and 180 

maintain Rossby waves. It was calculated from the divergent wind and absolute vorticity fields 181 

(Sardeshmukh and Hoskins, 1998). 182 

𝑆 = −∇ 9𝑉B
→
𝜁:< = −𝑓𝐷B − 𝜁𝐷B − 𝑉B

→
⋅ ∇(𝑓 + 𝜁)     (8) 183 

where S is the source/sink of the Rossby wave; 𝑉B
→

 denotes the divergent wind vector, 𝜁: is the 184 

absolute vorticity, f and 𝜁 are the planetary vorticity and relative vorticity, respectively, and 𝐷B is the 185 

horizontal divergence.  186 

2.5 Idealized model experiments 187 

A global primitive equation model called DREAM (Dynamical Research Empirical Atmospheric 188 

Model; Hall, 2000) is employed to analyze the response of the atmospheric circulation to diabatic 189 

heating released by precipitation anomalies. The version used here is the latest release (v8.4; Hall 190 

and Leroux, 2023; Leroux and Hall, 2025). Previous studies have applied DREAM to examine the 191 
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extratropical atmospheric response to prescribed tropical forcings, such as ENSO-related heating 192 

(Hall and Derome, 2000; Lin et al., 2007).  193 

A set of idealized experiments is conducted using the DREAM model to examine whether 194 

heating over the western equatorial Indian Ocean can generate an AP-sector circulation response, and 195 

whether this response depends on the March–April background state. The prescribed heating is 196 

centered over the western equatorial Indian Ocean at 60°E, 0°N, corresponding to the observed later-197 

period ENSO-related convective/heating anomalies on the western side of the Indo-Pacific 198 

overturning system. Two experiments are performed with the same heating perturbation but different 199 

basic states: one using the March–April climatological background for P1 (1979–1998), and the 200 

other using the March–April climatological background for P2 (1999–2023). This design isolates the 201 

sensitivity of the forced response to the changed background circulation while keeping the imposed 202 

heating identical.  203 

All experiments are performed at T42 horizontal resolution with 15 vertical levels on s surfaces. 204 

The basic states are derived from ERA5 March–April climatologies for the corresponding periods 205 

and are used to initialize the model and construct the forcing environment. Each integration is run for 206 

20 days, and the atmospheric responses averaged over days 11–20 are analyzed. The heating 207 

perturbation is imposed in the thermodynamic equation, switched on at the initial time, and 208 

maintained throughout the integration. No forcing is applied to the vorticity, divergence, or mass 209 

equations. 210 

The imposed heating represents an idealized diabatic heating anomaly associated with enhanced 211 

convection over the western equatorial Indian Ocean (Fig. S2). The imposed heating has an elliptical 212 

horizontal structure with semimajor and semiminor axes of 20° longitude and 12.5° latitude, 213 

respectively (Hall and Derome, 2000; Lin et al., 2007). Its amplitude follows a squared-cosine 214 

distribution with distance from the heating center. The vertical profile is prescribed as 215 

𝑄(𝜎) = 𝑄'𝜋(1 − 𝜎) 𝑠𝑖𝑛[𝜋(1 − 𝜎)]      (9) 216 
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where σ = p/p0, p is the pressure and p0 = 1000 hPa. The continuous profile peaks near σ @ 0.35; 217 

on the 15-level DREAM grid, σ = 0.4 (~400 hPa) is used as a representative maximum-heating level. 218 

The vertically averaged heating rate at the center, 𝑄' is 1 K day−1, approximately equivalent to latent 219 

heating associated with a precipitation rate of about 4 mm day−1.  220 

2.6 Statistical significance 221 

The statistical significance of differences between the two periods was assessed using bootstrap 222 

resampling (Storch and Zwiers, 1999). For mean-state differences, years were resampled with 223 

replacement within P1 and P2, and the P2–P1 mean difference was recalculated. For regression 224 

differences, years were resampled with replacement within each period, regression coefficients onto 225 

Niño3.4 were recomputed, and the P2–P1 regression difference was recalculated. This procedure was 226 

repeated 2000 times to construct a bootstrap distribution. Differences were considered significant at 227 

the 95% confidence level when the bootstrap distribution indicated that the sign of the observed 228 

difference was unlikely to arise by chance.  229 

3. Emergence of an ENSO-dependent SEA–AP rainfall seesaw 230 

Spring rainfall over the AP and northern SEA shows a marked change after the late 1990s. The 231 

19-year moving correlation between March–April rainfall anomalies in the two regions is weak and 232 

statistically insignificant during the earlier part of the record but becomes strongly negative after the 233 

late 1990s (Fig. 1a). This anti-phase relationship indicates that wetter-than-normal spring conditions 234 

over the AP tend to coincide with drier-than-normal conditions over northern SEA, and vice versa, 235 

during the later period. 236 

The rainfall seesaw is closely tied to ENSO variability. Removing Niño3.4 substantially 237 

weakens the post-1990s negative correlation, whereas removing the IOBM produces a smaller 238 

reduction (Fig. 1a). This contrast indicates that the recent SEA–AP rainfall seesaw is primarily 239 

associated with ENSO rather than Indian Ocean basin-wide SST variability alone. Similar behavior 240 
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is obtained using 17-year and 21-year moving correlations and the GPCP rainfall dataset, suggesting 241 

that the result is not sensitive to the moving-window length or precipitation dataset. 242 

 243 

Figure 1: Emergence of a spring rainfall seesaw between the Arabian Peninsula and northern Southeast Asia 244 
and its ENSO dependence. (a) Nineteen-year moving correlation between March–April rainfall anomalies 245 
over the Arabian Peninsula (AP) and northern Southeast Asia (SEA) during 1979–2023. The black line shows 246 
the raw correlation. The red and blue lines show the corresponding correlations after removing the March–247 
April Indian Ocean Basin Mode (IOBM) index and Niño3.4 index, respectively. Thick line segments indicate 248 
statistically significant correlations, and dashed horizontal lines denote the 95 % and 99 % confidence levels. 249 
Red and blue shading mark the earlier period P1 (1979–1998) and later period P2 (1999–2023), respectively. 250 
(b,c) Correlations of March–April rainfall anomalies (shading) and 850-hPa winds (vectors) with AP rainfall 251 
during (b) P1 and (c) P2. (d,e) As in (b,c), but after removing Niño3.4 variability. Hatching denotes 252 
statistically significant rainfall correlations, and only significant wind vectors are shown. Purple boxes 253 
indicate the AP and SEA regions. 254 
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Spatial correlation maps further show that the AP rainfall association with Indo-Pacific rainfall 255 

and low-level circulation changes substantially between the two periods. During P1, AP rainfall is 256 

only weakly related to northern SEA rainfall and the surrounding 850-hPa circulation (Fig. 1b). 257 

During P2, however, AP rainfall is associated with a clearer Indo-Pacific circulation pattern, 258 

including anomalous low-level flow and an opposite rainfall signal over northern SEA (Fig. 1c). 259 

After Niño3.4 variability is removed, this organized AP–SEA rainfall and circulation pattern is 260 

substantially weakened (Fig. 1e), indicating that ENSO is the principal large-scale factor in the later-261 

period seesaw. 262 

This result is not limited to the AP-reference perspective. When northern SEA rainfall is used as 263 

the reference index, the later-period correlation pattern also shows a clearer connection with AP 264 

rainfall and Indo-Pacific low-level circulation, and this connection weakens after removing Niño3.4 265 

variability (Fig. S3). These results indicate that the SEA–AP spring rainfall seesaw emerged as part 266 

of an intensified and spatially reorganized ENSO teleconnection after the late 1990s. The regional 267 

importance of March–April rainfall is further supported by the climatological rainfall and seasonal 268 

rainfall-fraction analysis (Fig. S1). The following sections examine the circulation pathway 269 

associated with this change. 270 

4. Physical mechanisms underlying the ENSO-dependent SEA–AP rainfall seesaw 271 

4.1 Reorganization of ENSO-related lower- and upper-level circulation 272 

To identify the large-scale circulation pathway associated with the emerging rainfall seesaw, we 273 

compare the March–April ENSO-related lower- and upper-level responses between P1 and P2. 274 

During P1, the ENSO-regressed OLR anomalies are mainly organized along the equatorial Indo-275 

Pacific, with suppressed convection over the Maritime Continent/western Pacific and enhanced 276 

convection farther east (Fig. 2a). The associated 850-hPa wind response is also largely confined to 277 

the tropical Indo-Pacific, indicating a primarily equatorial Walker-circulation adjustment. 278 
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 279 

Figure 2: ENSO-related lower- and upper-level circulation changes during March–April. (a,b) Regression of 280 

OLR anomalies (shading; W m-2) and 850-hPa wind anomalies (vectors; m s-1) onto the standardized March–281 

April Niño3.4 index during (a) P1 (1979–1998) and (b) P2 (1999–2023). (c) Difference in regression 282 

coefficients between P2 and P1 for OLR and 850-hPa winds. (d,e) As in (a,b), but for 200-hPa velocity 283 

potential c200 anomalies (shading; 106 m2 s-1) and 200-hPa divergent wind anomalies (vectors; m s-1). (f) 284 

Difference in upper-level regression coefficients between P2 and P1. Hatching indicates statistically 285 

significant shading anomalies, and only significant wind vectors are plotted. Purple boxes indicate the Arabian 286 

Peninsula (AP), northern Southeast Asia (SEA), and Niño3.4 regions. 287 

During P2, the lower-level ENSO response becomes more spatially organized and extends 288 

farther westward and northwestward (Fig. 2b). The later-period convective response also becomes 289 

more concentrated toward the equatorial central Pacific, giving the pattern a more central-Pacific-290 

weighted, ENSO Modoki-like structure (Ashok et al., 2007; Nguyen-Thanh et al., 2023). Such a 291 

configuration is dynamically relevant because different ENSO SST anomaly patterns can shift the 292 

https://doi.org/10.5194/egusphere-2026-2784
Preprint. Discussion started: 1 June 2026
c© Author(s) 2026. CC BY 4.0 License.



 14 

Walker circulation and modify the Philippine Sea circulation response, including the occurrence and 293 

strength of anomalous circulation over the Philippine Sea (Ashok et al., 2007; Nguyen-Le et al., 294 

2024). Consistent with this structure, the OLR and 850-hPa wind regressions show a clearer 295 

connection among the tropical Indo-Pacific, northern SEA, the western North Pacific, and the AP 296 

sector. The P2–P1 difference further highlights this reorganization, with convection and low-level 297 

circulation anomalies extending from the Maritime Continent/western Pacific toward the tropical–298 

subtropical Indo-Pacific and AP-side sector (Fig. 2c).  299 

The anomalous circulation over the western North Pacific is consistent with the well-established 300 

Pacific–East Asian teleconnection: during El Niño, suppressed convection over the Maritime 301 

Continent/western Pacific can excite an anomalous anticyclonic response over the western North 302 

Pacific/Philippine Sea, providing a bridge between tropical Pacific forcing and East Asian climate 303 

anomalies (Wang et al., 2000; Xie et al., 2016; Li et al., 2017). In the present case, this canonical 304 

response is more clearly expressed during P2 and is accompanied by a broader westward extension 305 

toward the western Indian Ocean and AP sector. 306 

The upper-level divergent circulation also shows a marked reorganization. During P1, the 200-307 

hPa velocity-potential response is broad, with positive c200 anomalies extending across much of West 308 

Asia and the Indo-Pacific sector (Fig. 2d). During P2, the positive c200 response becomes more 309 

confined toward East Asia and the western North Pacific, while the divergent-wind anomalies over 310 

the tropical Indo-Pacific become more coherent (Fig. 2e). Consequently, the P2–P1 difference shows 311 

significant negative c200 anomalies over West Asia and positive anomalies farther east (Fig. 2f), 312 

indicating a redistribution of upper-level divergent circulation rather than a simple expansion of the 313 

P1 pattern. This redistribution is consistent with a changed Walker-circulation structure and provides 314 

the divergent-flow background for the Walker–Hadley and Rossby-type responses examined below. 315 

These diagnostics indicate that the post-1990s rainfall linkage is associated with a spatially 316 

reorganized ENSO circulation response. At low levels, the OLR and 850-hPa wind anomalies show a 317 
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clearer connection from the tropical Indo-Pacific toward northern SEA and the AP sector. At upper 318 

levels, the velocity-potential and divergent-wind fields indicate a redistribution of divergent 319 

circulation, with reduced positive c200 anomalies over West Asia and enhanced anomalies farther 320 

east. Together, these changes suggest that the later-period ENSO response involves both a westward 321 

extension of Indo-Pacific circulation anomalies and a more central-Pacific-weighted convective 322 

structure, providing a large-scale dynamical setting through which northern SEA convection can be 323 

linked to AP rainfall variability. 324 

4.2 Walker–Hadley circulation reorganization 325 

 326 

Figure 3: Walker–Hadley circulation reorganization after the late 1990s. P2–P1 differences in March–April 327 

regression onto the standardized Niño3.4 index for vertical motion and divergent circulation. Shading denotes 328 

-w regression differences, so positive values indicate enhanced upward motion in P2 relative to P1 and 329 
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negative values indicate weakened ascent or enhanced subsidence. Vectors show the corresponding divergent 330 

circulation differences, with horizontal components given by uc in (a) and vc in (b,c), and vertical 331 

components given by scaled -w. Contours show the corresponding divergent-wind component differences: uc 332 

in (a) and vc in (b,c). (a) Longitude–pressure section averaged over 10°S–10°N, showing changes in the 333 

Walker circulation response. (b) Latitude–pressure section averaged over 35°–60°E, showing changes in the 334 

AP-sector meridional overturning response. (c) As in (b) but averaged over 90°–130°E for the SEA sector. 335 

Hatching indicates regions significant at the 95% confidence level. Purple boxes/vertical lines mark the AP, 336 

SEA, and Niño3.4 longitude or latitude ranges used in the analysis. 337 

The circulation changes in Fig. 2 suggest that the SEA–AP rainfall seesaw is associated with an 338 

adjustment of tropical overturning. To examine this pathway, we diagnose P2–P1 differences in 339 

ENSO-regressed vertical motion and divergent circulation during March–April. Positive shading 340 

represents enhanced upward motion, expressed as -v, in P2 relative to P1, whereas negative shading 341 

indicates weakened ascent or enhanced subsidence. 342 

The longitude–pressure section averaged over 10°S–10°N shows a pronounced change in the 343 

Walker circulation response (Fig. 3a). Compared with P1, the later-period response is consistent with 344 

a more distinct Indo-Pacific double-cell overturning structure. This structure is dynamically 345 

consistent with the more central-Pacific-weighted, ENSO Modoki-like convective response 346 

identified in Fig. 2, as different ENSO heating patterns can alter the Walker circulation structure and 347 

Philippine Sea circulation response (Ashok et al., 2007; Nguyen-Le et al., 2024). For positive 348 

Niño3.4 anomalies, corresponding to El Niño conditions, the P2–P1 difference includes enhanced 349 

subsidence over SEA/Maritime Continent, a westward Indian Ocean–SEA Walker branch, and 350 

enhanced ascent over the western Indian Ocean/AP-side sector. The Pacific branch also shows a 351 

stronger contrast between the western/central Pacific and eastern Pacific. Thus, the later-period 352 

response reflects a reorganization of zonal overturning, rather than a uniform strengthening of the 353 
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Walker circulation. The corresponding P1 and P2 Walker-circulation regressions further confirm this 354 

shift in the vertical and zonal structure of ENSO-related overturning (Fig. S4). 355 

The meridional sections show how this zonal overturning change projects onto the AP and SEA 356 

sectors. Over the AP sector, averaged over 35°–60°E, the P2–P1 difference shows a stronger 357 

vertical-motion response from low latitudes into the subtropical AP sector, with enhanced upward 358 

motion near the southern AP-side branch and adjacent subtropical latitudes (Fig. 3b). This suggests 359 

that the later-period ENSO response more effectively reaches the tropical–subtropical AP sector. 360 

Over the SEA sector, averaged over 90°–130°E, the response shows a stronger meridional contrast, 361 

with enhanced ascent south of the equator and enhanced subsidence or weakened ascent over parts of 362 

northern tropical SEA (Fig. 3c). The associated divergent circulation vectors indicate changes in 363 

upper- and lower-level meridional flow, consistent with an altered local Hadley-type circulation. The 364 

detailed P1 and P2 meridional vertical-motion regressions support this interpretation (Fig. S5). In P1, 365 

the AP-sector response is weak, whereas in P2 a clearer vertical-motion signal appears from low 366 

latitudes into the subtropical branch. The SEA sector also shows a stronger and more coherent 367 

tropical meridional structure in P2 than in P1. Similar results are obtained from the meridional mass 368 

streamfunction, which shows a stronger AP-sector overturning anomaly and a clearer SEA-sector 369 

meridional contrast after the late 1990s (Fig. S6). 370 

These vertical-circulation diagnostics indicate that the post-1990s ENSO teleconnection change 371 

involves a coupled Walker–Hadley adjustment. The zonal overturning response develops a more 372 

distinct Indo-Pacific double-cell structure, consistent with the central-Pacific-weighted ENSO 373 

response, while regional meridional overturning changes become clearer over both SEA and the AP 374 

sector. This three-dimensional circulation adjustment provides a pathway through which ENSO-375 

related tropical convection anomalies can connect SEA rainfall variability with AP rainfall 376 

variability. 377 
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4.3 Upper-level Rossby-type and thermal response 378 

The Walker–Hadley changes described above suggest that the later-period ENSO response 379 

projects more clearly from the tropical Indo-Pacific toward the tropical–subtropical Asian sector. We 380 

next examine whether this reorganization is accompanied by changes in the off-equatorial upper-381 

level circulation. Figure 4 shows P2–P1 differences in March–April regression onto the standardized 382 

Niño3.4 index for 200-hPa geopotential height Z200, stationary wave activity flux (WAF), 383 

streamfunction, rotational wind, upper-tropospheric temperature, and Rossby wave source (RWS). 384 

These diagnostics are used to assess the Rossby-type and thermal components of the changed ENSO 385 

teleconnection. 386 

 387 

Figure 4: Upper-level Rossby-type, wave-activity, and thermal response to the post-1990s ENSO 388 

teleconnection change. Shading shows P2–P1 differences in March–April regression onto the standardized 389 

Niño3.4 index. (a) Difference in 200-hPa geopotential height Z200 regression, with vectors showing 390 

stationary wave activity flux (WAF). WAF vectors are scaled for display and interpreted qualitatively as 391 

indicators of the preferred wave-activity pathway; they are masked in the deep tropics. (b) Difference in 200-392 
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hPa streamfunction y200 regression, with vectors showing the corresponding 200-hPa rotational wind 393 

response. (c) Difference in 500–200-hPa layer-mean temperature regression, with contours showing the Z200 394 

response. (d) Difference in 200-hPa Rossby wave source (RWS). Stippling indicates bootstrap significance at 395 

the 95% confidence level. Purple boxes indicate the Arabian Peninsula (AP), northern Southeast Asia (SEA), 396 

and Niño3.4 regions. 397 

The Z200 differences show a modified upper-level wave-like structure extending from the Indo-398 

Pacific into the subtropical Asian sector (Fig. 4a). The associated WAF suggests a preferred 399 

stationary wave-activity pathway from the tropical–subtropical Indo-Pacific toward the subtropical 400 

circulation. This pattern is consistent with a later-period ENSO response that projects more 401 

effectively onto the subtropical Asian circulation. The 200-hPa streamfunction and rotational-wind 402 

differences provide a more direct view of the rotational component of this upper-level response (Fig. 403 

4b). They show an altered off-equatorial circulation pattern over the Indo-Pacific–subtropical Asian 404 

sector, consistent with Rossby-type gyres associated with shifted ENSO-related tropical heating and 405 

upper-level divergent outflow. This pattern provides a plausible upper-level route through which the 406 

ENSO signal can be communicated from the tropical Pacific and Maritime Continent toward 407 

northern SEA and the AP sector. 408 

The upper-tropospheric thermal response further supports this interpretation. The 500–200-hPa 409 

layer-mean temperature differences show a coherent thermal structure, with temperature anomalies 410 

broadly collocated with the Z200 response (Fig. 4c). This indicates that the later-period ENSO 411 

teleconnection includes not only a dynamical wave response but also an upper-tropospheric thermal 412 

adjustment. In particular, significant warming over the Tibetan Plateau/subtropical Asian sector and 413 

cooling over the AP–northern Indian Ocean indicate a changed upper-tropospheric thermal gradient. 414 

This gradient is dynamically consistent with the Z200 anomalies and may help support the northward 415 

projection of the AP-sector response. 416 
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The RWS provides a complementary diagnostic of the upper-level forcing environment (Fig. 417 

4d). Its broad anomalies over the Indo-Pacific and subtropical belt are consistent with reorganized 418 

divergent-flow and vorticity fields. The time-varying index diagnostics provide additional support 419 

for the ENSO-related overturning pathway (Fig. S7). The Walker circulation index remains strongly 420 

coupled with Niño3.4 throughout the record, while its linkage with the AP vertical branch becomes 421 

more positive after the late 1990s and its linkage with the SEA vertical branch remains strongly 422 

negative. The weakening of the AP rainfall–SEA vertical-branch relationship after removing Niño3.4 423 

further indicates that the regional overturning pathway is closely tied to ENSO forcing. 424 

Overall, the upper-level diagnostics complement the Walker–Hadley analysis by showing that 425 

the later-period ENSO response is accompanied by off-equatorial rotational and thermal adjustments. 426 

These features provide a dynamically consistent upper-level component of the SEA–AP 427 

teleconnection pathway. 428 

4.4 Idealized model simulations and sensitivity to the background state 429 

The western North Pacific anticyclonic response to ENSO-related western Pacific convection 430 

anomalies is a well-established component of the Pacific–East Asian teleconnection and is already 431 

evident in the regression diagnostics. We therefore use the idealized model experiments to focus on 432 

the less direct western equatorial Indian Ocean–AP pathway. Identical heating is imposed over the 433 

western equatorial Indian Ocean under the P1 and P2 March–April basic states to test whether 434 

heating on the western side of the Indo-Pacific overturning system can generate an AP-sector 435 

circulation response, and whether that response depends on the background state (Fig. 5). The 436 

comparison is motivated by substantial post-1990s changes in the March–April mean circulation, 437 

including changes in the upper-level jet, OLR, low-level pressure and winds, and 200-hPa 438 

divergence (Fig. S8). These mean-state differences provide context for interpreting the later-period 439 

ENSO response, without being treated as direct analogues of the ENSO-regressed anomalies. 440 
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 441 

Figure 5: Idealized model response to western Indian Ocean heating under different March–April background 442 

states. Responses are calculated as the average over days 11–20. Columns show the response under the P1 443 

background state (1979–1998), the response under the P2 background state (1999–2023), and their difference 444 

(P2–P1). Rows show the 200-hPa geopotential-height response with 200-hPa winds, the 700–300-hPa layer-445 

mean -w response, and the 200-hPa streamfunction response with 200-hPa rotational winds. Positive -w 446 

indicates anomalous ascent. The red dashed ellipse marks the prescribed western equatorial Indian Ocean 447 

heating region, centered at 60°E, 0°N, and purple boxes indicate the Arabian Peninsula (AP) and northern 448 

Southeast Asia (SEA) regions. 449 

The model produces an AP-sector response in both experiments, indicating that western 450 

equatorial Indian Ocean heating can excite upper-level and vertical-motion anomalies that extend 451 

toward the AP sector. This supports the physical plausibility of an AP response to heating anomalies 452 

associated with the reorganized Walker circulation. The P2–P1 differences further indicate 453 

sensitivity to the background state. Under the later-period basic state, negative Z200 and y200 454 
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differences over the AP sector indicate a more cyclonic upper-level response, while positive -w 455 

differences indicate stronger ascent or weaker subsidence relative to P1. Together, these features 456 

suggest that the P2 background state favors a stronger AP-sector vertical-motion response to western 457 

equatorial Indian Ocean heating. 458 

These results indicate that western equatorial Indian Ocean heating can activate an AP-sector 459 

circulation response, with a more effective vertical-motion and upper-level circulation response 460 

under the later-period background state. Importantly, the P1 experiment shows that the background 461 

state alone does not determine whether an AP response is possible. The weaker observed SEA–AP 462 

teleconnection during P1 likely also reflects the weaker projection of ENSO-related convection and 463 

heating anomalies onto the western Indian Ocean/AP-side sector. In contrast, during P2, the observed 464 

ENSO-related convective response extends more clearly toward this region, allowing the heating 465 

pathway to operate more effectively. Thus, the observed circulation diagnostics provide the primary 466 

evidence for the post-1990s teleconnection change, while the idealized model experiments support 467 

the physical plausibility of the proposed heating-induced AP response. The background-state 468 

diagnostics further indicate that this response developed within a modified March–April mean 469 

circulation environment. 470 

5. Discussion and conclusions 471 

This study identifies a marked post-1990s strengthening of the March–April rainfall relationship 472 

between northern Southeast Asia and the Arabian Peninsula. During P1 (1979–1998), rainfall 473 

anomalies over the two regions were only weakly connected, whereas during P2 (1999–2023) they 474 

developed a clearer anti-phase relationship. Partial-correlation results indicate that this rainfall 475 

seesaw is primarily associated with ENSO rather than Indian Ocean basin-wide SST variability 476 

alone. This suggests that the SEA–AP rainfall linkage is not a stationary regional relationship, but an 477 

expression of a changing large-scale ENSO teleconnection. 478 
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The strengthened linkage is dynamically consistent with a reorganization of the Indo-Pacific 479 

circulation response to ENSO. In the later period, ENSO-related convection and low-level circulation 480 

anomalies project more clearly from the tropical Pacific and Maritime Continent toward northern 481 

SEA, the western North Pacific, the western equatorial Indian Ocean, and the AP sector. The western 482 

North Pacific anticyclonic component is consistent with the canonical Pacific–East Asian 483 

teleconnection framework (Wang et al., 2000; Xie et al., 2016; Li et al., 2017), in which ENSO-484 

related western Pacific convection anomalies excite a lower-tropospheric anticyclonic response over 485 

the western North Pacific/Philippine Sea. In the present case, this canonical pathway becomes more 486 

pronounced after the late 1990s and is accompanied by a broader westward extension involving the 487 

western equatorial Indian Ocean and AP sector. 488 

The later-period response also has a more central-Pacific-weighted, ENSO Modoki-like 489 

convective structure. Previous studies have shown that central-Pacific or ENSO Modoki-like forcing 490 

can alter the latitude and structure of the Walker circulation and modify the Philippine Sea 491 

circulation response (Ashok et al., 2007; Nguyen-Thanh et al., 2023; Nguyen-Le et al., 2024). This 492 

provides a useful dynamical context for the more distinct Indo-Pacific double-cell Walker response 493 

diagnosed here. For El Niño conditions, enhanced descent over SEA/Maritime Continent and ascent 494 

over the western equatorial Indian Ocean/AP-side sector provide a plausible overturning pathway for 495 

opposite rainfall anomalies between the two regions. Vertical-circulation diagnostics further show 496 

clearer meridional overturning anomalies over the SEA and AP sectors, while the upper-level 497 

diagnostics indicate accompanying off-equatorial Rossby-type and thermal adjustments. Together, 498 

these features suggest that the post-1990s rainfall seesaw reflects a three-dimensional reorganization 499 

of ENSO-related tropical overturning and upper-level circulation, rather than an isolated regional 500 

rainfall change. 501 

The idealized DREAM experiments provide additional support for this interpretation. Under 502 

identical western equatorial Indian Ocean heating, the model produces an AP-sector response under 503 
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both P1 and P2 basic states, indicating that heating on the western side of the Indo-Pacific 504 

overturning system can excite circulation anomalies relevant to AP rainfall. The P2–P1 differences 505 

further show that the later-period basic state modifies the forced response, including the upper-level 506 

geopotential-height and streamfunction patterns and the AP-sector vertical-motion response. These 507 

results suggest that the background state can influence the structure and efficiency of the SEA–AP 508 

teleconnection. At the same time, the P1 experiment shows that background-state sensitivity alone 509 

cannot explain the observed transition. The weaker observed SEA–AP linkage during P1 likely also 510 

reflects the weaker projection of ENSO-related convection and heating anomalies onto the western 511 

equatorial Indian Ocean/AP-side sector during that period. 512 

Figure 6 summarizes the proposed mechanism. During the earlier period, ENSO-related 513 

anomalies are more Pacific-centered and remain more closely tied to the tropical Pacific–Maritime 514 

Continent/northern SEA sector, with only weak projection toward the AP. After the late 1990s, the 515 

response becomes more central-Pacific-weighted and extends farther westward and northwestward, 516 

strengthening the connection among northern SEA, the western equatorial Indian Ocean, and the AP 517 

sector through coupled Walker–Hadley overturning and upper-level circulation adjustment. Overall, 518 

the results suggest that the SEA–AP rainfall seesaw reflects a nonstationary ENSO teleconnection 519 

pathway, in which the westward extension of tropical heating anomalies, a more distinct double-cell 520 

Walker response, regional Walker–Hadley coupling, and off-equatorial upper-level adjustment 521 

jointly shape spring rainfall variability across Southeast and West Asia. 522 

This nonstationarity also has implications for seasonal prediction and hydroclimate risk 523 

assessment. Prediction systems and statistical models trained over long historical periods may 524 

underestimate the recent strength of the SEA–AP rainfall linkage, particularly if the ENSO–rainfall 525 

relationship changes across decades. The post-1990s anti-phase relationship suggests that ENSO 526 

information may provide greater predictive value for AP spring rainfall variability than indicated by 527 

earlier-period relationships alone, consistent with previous studies highlighting the importance of 528 
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large-scale climate drivers for seasonal rainfall prediction over the region (Almazroui et al., 2022). 529 

At the same time, the dependence of this linkage on the evolving Indo-Pacific background state 530 

implies that prediction skill may itself be nonstationary. 531 

 532 

Figure 6: Schematic diagram of the proposed post-1990s ENSO teleconnection pathway linking northern 533 

Southeast Asian and Arabian Peninsula spring rainfall. The schematic illustrates the response to El Niño 534 

conditions; opposite-sign circulation and rainfall anomalies are expected during La Niña. During the earlier 535 

period, ENSO-related circulation anomalies are more Pacific-centered and remain mainly tied to the tropical 536 

Pacific–Maritime Continent/northern SEA sector, with only weak projection toward the Arabian Peninsula 537 

(AP) and a limited AP-sector meridional response. After the late 1990s, the ENSO-related response becomes 538 

more central-Pacific-weighted and extends farther westward and northwestward toward the western equatorial 539 

Indian Ocean and subtropical AP sector, strengthening the dynamical connection between northern SEA and 540 

the AP. This later-period pathway is characterized by a more distinct Indo-Pacific double-cell Walker 541 

response, including enhanced SEA/Maritime Continent descent, a westward Indian Ocean–SEA Walker 542 
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branch, and western equatorial Indian Ocean ascent. The AP vertical branch becomes stronger and extends 543 

farther northward, while Walker–Hadley coupling and upper-level Rossby-type/thermal adjustment provide 544 

additional pathways for communicating the ENSO signal into the subtropical Asian sector. Background-state 545 

changes may influence the efficiency of this pathway, supporting a stronger anti-phase spring rainfall 546 

relationship between SEA and the AP. 547 

Several caveats should be noted. First, although the DREAM experiments provide useful 548 

dynamical support, the observational diagnostics and idealized model experiments are not sufficient 549 

to fully isolate causality. Future work using state-of-the-art climate models will be useful for further 550 

testing the proposed mechanisms. Second, although the post-1990s strengthening of the SEA–AP 551 

rainfall linkage is robust across different moving-window lengths and rainfall datasets, the 552 

observational record remains relatively short for diagnosing decadal changes in this linkage. Third, 553 

AP and SEA rainfall are influenced by multiple processes, including subtropical westerlies, regional 554 

moisture transport, transient disturbances, land–atmosphere interactions, and local convection. 555 

ENSO provides an important large-scale control, but it is unlikely to be the only driver of spring 556 

rainfall variability (Almazroui, 2023; Horan et al., 2023). The roles of non-ENSO factors therefore 557 

deserve further investigation. 558 
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