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Abstract 24 

The Pacific–Japan (PJ) pattern is a leading mode of boreal-summer atmospheric variability that 25 

influences Indo–Pacific hydroclimate through large-scale atmospheric teleconnections. Here, we 26 

demonstrate that the PJ pattern also exerts a significant influence on sea surface salinity (SSS) 27 

variability in the Bay of Bengal (BoB) during June–August. The positive PJ phase is associated 28 

with a pronounced meridional SSS dipole, characterized by salinification in the northern BoB and 29 

freshening farther south. This relationship persists after removing the combined influence of El 30 

Niño–Southern Oscillation and the Indian Ocean Dipole, indicating a distinct PJ influence on BoB 31 

salinity. Mixed-layer salinity-budget analysis reveals contrasting mechanisms across the basin. 32 

Horizontal advection provides the dominant resolved contribution to northern BoB salinification, 33 

whereas anomalous surface freshwater forcing associated with enhanced precipitation primarily 34 

drives southern BoB freshening. Sea-level propagation further reveals a dynamical pathway 35 

connecting remote forcing to the BoB: equatorial and coastal Kelvin-wave signals propagate 36 

toward the eastern and northern boundaries and subsequently radiate westward into the basin 37 

interior as Rossby waves, modifying sea surface height and upper-ocean circulation. Composite 38 

analyses show that the dominant salinity, rainfall, and circulation responses broadly reverse 39 

between positive and negative PJ phases, indicating an approximately linear response, while 40 

weaker asymmetric anomalies over the northern BoB point to nonlinear oceanic adjustment and 41 

phase-dependent freshwater redistribution. These results establish the PJ pattern as an important 42 

remote driver of BoB salinity variability through coupled atmospheric freshwater forcing and 43 

ocean dynamical adjustment, providing a pathway linking western North Pacific climate 44 

variability to the northern Indian Ocean. 45 

Keywords: Pacific – Japan pattern, Bay of Bengal, Sea Surface Salinity, Atmospheric pathways, 46 

Mixed-layer Salinity Budget, Kelvin and Rossby waves. 47 
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1. Introduction 54 

Sea surface salinity (SSS) in the Bay of Bengal (BoB) is an essential oceanographic variable that 55 

regulates upper-ocean stratification, mixed-layer dynamics, and air–sea interactions (e.g., Schmitt, 56 

2008; Vinayachandran and Nanjundiah, 2009). The BoB exhibits one of the strongest salinity 57 

gradients in the global tropics, maintained by the combined effects of intense monsoonal 58 

precipitation, river discharge, evaporation, and ocean circulation (Delcroix et al., 2005; Yu, 2011; 59 

Gordon et al., 2016). Variations in SSS alter upper-ocean density, influencing mixed-layer depth, 60 

barrier-layer formation, and sea surface temperature (SST), thereby modulating air–sea coupling, 61 

monsoon variability, and regional climate (Lukas and Lindstrom, 1991; Sprintall and Tomczak, 62 

1992; Rao and Sivakumar, 2003; Vinayachandran et al., 2002).  63 

On interannual timescales, BoB salinity variability is primarily controlled by large-scale 64 

climate modes, particularly the El Niño–Southern Oscillation (ENSO) and the Indian Ocean 65 

Dipole (IOD) (Delcroix and Murtugudde, 2002; Grunseich et al., 2011). Superimposed on these 66 

basin-scale influences, regional processes including freshwater fluxes, river discharge, and 67 

horizontal advection substantially modify the salinity distribution (Akhil et al., 2016). ENSO alters 68 

the freshwater budget through changes in the Walker circulation, which reorganize atmospheric 69 

convection, moisture transport, and precipitation over the Indian Ocean. ENSO also modulates the 70 

Indonesian Throughflow, thereby controlling the transport of relatively fresh Pacific waters into 71 

the eastern Indian Ocean and influencing upper-ocean salinity (e.g., Delcroix et al., 2011; Hasson 72 

et al., 2013; Maes et al., 2014). Likewise, IOD-induced changes in surface winds and rainfall 73 

generate pronounced salinity anomalies across the equatorial and eastern Indian Ocean through 74 

modifications of freshwater fluxes and ocean circulation (Nyadjro et al., 2012; Akhil et al., 2014; 75 

Thompson et al., 2006). These salinity anomalies subsequently feed back onto the coupled ocean–76 

atmosphere system by modifying upper-ocean stability and SST evolution, thereby influencing the 77 

predictability of Indian Ocean climate variability (Mignot et al., 2007; Durand et al., 2013). 78 

Beyond ENSO and the IOD, the Pacific–Japan (PJ) pattern is a dominant mode of boreal-79 

summer atmospheric variability over the western North Pacific. Through large-scale atmospheric 80 

teleconnections, the PJ pattern strongly influences the Indian summer monsoon by modulating 81 

circulation, moisture transport, and convection across the Indo-Pacific region (Nitta, 1987; 82 
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Wakabayashi and Kawamura, 2004; Kosaka and Nakamura, 2006; Srinivas et al., 2018). These 83 

atmospheric anomalies can, in turn, alter freshwater fluxes and upper-ocean salinity in the Bay of 84 

Bengal (BoB). However, Unlike ENSO and the IOD, which have been shown to exert substantial 85 

control over Indian Ocean salinity variability (Delcroix and Murtugudde, 2002; Grunseich et al., 86 

2011; Akhil et al., 2014), the role of the PJ pattern in modulating BoB sea surface salinity (SSS) 87 

has received limited attention. The physical pathways linking PJ-related atmospheric forcing to 88 

changes in the BoB salinity remain largely unresolved. 89 

The recent availability of satellite-derived salinity observations provides an unprecedented 90 

opportunity to quantify the large-scale salinity response to atmospheric teleconnections. In this 91 

study, we investigate the influence of the Pacific–Japan pattern on Bay of Bengal SSS variability 92 

during boreal summer (June–August) largely using the satellite datasets. We first characterize the 93 

spatial structure of PJ-induced salinity anomalies and then quantify the relative contributions of 94 

surface freshwater fluxes, horizontal salinity advection, and remote oceanic wave dynamics using 95 

mixed-layer salinity budget diagnostics. Finally, we examine the asymmetry of salinity responses 96 

between the positive and negative phases of the PJ pattern to identify the nonlinear oceanic 97 

processes governing the upper-ocean salinity adjustment. The remainder of the paper is organized 98 

as follows. Section 2 describes the datasets, methodology, and mixed-layer salinity budget 99 

analysis. Section 3 examines the response of Bay of Bengal salinity to the Pacific–Japan pattern. 100 

Section 4 investigates the asymmetry of salinity variability during the positive and negative PJ 101 

phases. Finally, Section 5 summarizes the principal findings and discusses their broader 102 

implications. 103 

2. Datasets and Methods 104 

2.1. Datasets  105 

Satellite Products 106 

Satellite-derived sea surface salinity (SSS) is obtained from the Multi-Observation Global Ocean 107 

Sea Surface Salinity and Sea Surface Density dataset (Product ID: 108 

MULTIOBS_GLO_PHY_S_SURFACE_MYNRT_015_013) distributed by the Copernicus 109 

Marine Environment Monitoring Service (CMEMS) for the period 2005–2025 (Droghei et al., 110 
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2016). Surface winds obtain from the Level-3 scatterometer bias-corrected CMEMS Global Ocean 111 

Monthly Mean Sea Surface Wind and Stress dataset 112 

(WIND_GLO_PHY_CLIMATE_L4_MY_012_003) (Belmonte Rivas and Stoffelen, 2019). 113 

Surface currents are derived from the National Information System for Climate and Environment 114 

Studies (NICES) product (Sikhakolli et al., 2013), which combines a diagnostic surface-current 115 

model with Cross-Calibrated Multi-Platform (CCMP) surface winds (Mears et al., 2022). Sea 116 

surface height (SSH) is obtained from the AVISO multi-mission satellite altimeter product (Pujol 117 

et al., 2016), while monthly precipitation is taken from the Global Precipitation Climatology 118 

Project (GPCP), which merges observations from multiple satellite platforms to provide a 119 

consistent estimate of global precipitation (Adler et al., 2003). 120 

Reanalysis and In-situ datasets 121 

The three-dimensional oceanic response associated with the PJ pattern is examined using the 122 

European Centre for Medium-Range Weather Forecasts (ECMWF) Ocean Reanalysis System 5 123 

(ORAS5; Zuo et al., 2019). ORAS5 provides monthly temperature, salinity, ocean current, and sea 124 

surface height fields at a horizontal resolution of 0.25° × 0.25° for the period 1980–2025. The 125 

reanalysis assimilates diverse observational datasets, including Argo profiles, satellite 126 

measurements, and conventional in situ observations, thereby providing a dynamically consistent 127 

representation of upper-ocean variability. Monthly zonal and meridional winds at 850 hPa are 128 

obtained from ECMWF Reanalysis (ERA5) (Hersbach et al., 2020) to compute relative vorticity 129 

over the western North Pacific (WNP). In addition to these reanalysis and satellite products, we 130 

also utilize the in-situ measured gridded Argo salinity observations (Jean-Michel et al. 2021) and 131 

EN4 objective analyses datasets (Wong et al. 2020). 132 

2.2 Methods 133 

Statistical analyses: Identification of PJ events 134 

The PJ pattern is extracted using empirical orthogonal function (EOF) analysis of JJA mean 850-135 

hPa relative vorticity anomalies over the WNP, following Kosaka et al. (2013) and Srinivas et al. 136 

(2018, 2024). The leading EOF mode (EOF1), which characterizes the PJ pattern, explains 137 

approximately 16% of the total variance. The influence of the PJ pattern on the salinity variability 138 
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is examined using regression, correlation, and composite analyses. Unless otherwise stated, 139 

statistical significance is evaluated using a two-tailed Student's t-test at the 95% confidence level. 140 

Mixed-Layer Salinity Budget 141 

The relative contributions of atmospheric forcing and oceanic processes to mixed-layer 142 

salinity (MLS) variability are quantified using the mixed-layer salinity budget formulation of 143 

Vialard and Delecluse (1998) and Jain et al. (2021). To ensure consistency in the budget 144 

calculations, the mixed-layer depth (MLD) is extended to the base of the corresponding model grid 145 

cell. The tendency of the vertically averaged mixed-layer salinity is expressed as 146 

𝜕௧ܵெ௅ ܧ)0ܵ] = − ܲ)]ℎ⏟        ஺௧௠௢௦௣ℎ௘௥௜௖ ௙௢௥௖௜௡௚ +  −1ℎ ( 0ݖ݀ ܵ ௫��ݑ∫
−ℎ 0ݖ݀ ܵ ௬��ݒ∫ +

−ℎ )⏟                      ு௢௥௜௭௢௡௧௔௟ ௔ௗ௩௘௖௧௜௢௡
+ 1ℎ ℎ(ܵ−ℎ−ݓ] − ܵெ௅)]⏟            ௏௘௥௧௜௖௔௟ ௔ௗ௩௘௖௧௜௢௡147 

+  1ℎ ℎ−ܵ) (௧ℎ��)ܪ] − ܵெ௅) ℎ]⏟                        ா௡௧௥௔௜௡௠௘௡௧−(௭ܵ��ܭ) + + ⏟ܴோ௘௦௜ௗ௨௔௟ 148 

Here, (S) denotes salinity, (So) the surface salinity, (SML) the mixed-layer mean salinity. 149 

The residual is computed as the difference between the total salinity tendency and the sum of all 150 

explicitly estimated budget terms, thereby accounting for unresolved physical processes, 151 

numerical truncation errors, and uncertainties associated with the budget calculation. The salinity 152 

and MLD datasets are considered from the multi-observational 3D fields of the Copernicus dataset, 153 

zonal and meridional currents from ORAS5, and rainfall and evaporation variables considered 154 

from the ERA5. 155 

3. Bay of Bengal salinity response to Pacific-Japan pattern 156 

The leading mode of JJA 850-hPa relative vorticity variability over the WNP exhibits the 157 

characteristic spatial structure of the PJ pattern (Fig. 1a). The corresponding standardized principal 158 

component (PC1), hereafter referred to as the PJ index, shows pronounced interannual variability 159 

during the analysis period (Fig. 1b). Positive (1983, 1988, 1996, 1998, 2008, 2010, 2020, 2022, 160 

2023) and negative (1990, 1994, 1997, 2001, 2002, 2004, 2009, 2018) PJ events are identified 161 

when the standardized index exceeds ±1 standard deviation, respectively (Fig. 1b). The PJ pattern 162 

is significantly associated with SSS variability over the Bay of Bengal. Correlation of the PJ index 163 
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with JJA SSS reveals a pronounced meridional dipole, characterized by positive correlations over 164 

the northern and northeastern BoB and negative correlations over the central and southern basin 165 

(Fig. 1c). Thus, the positive PJ phase is associated with anomalously saline conditions in the 166 

northern BoB and fresher conditions farther south. The strongest and most spatially coherent 167 

relationship occurs over the northern BoB, where correlations exceed 0.6 over a broad region. 168 

Because both ENSO and the IOD can influence tropical Indian Ocean hydroclimate and salinity 169 

(e.g., Phillips et al. 2021; Hu et al. 2025), their contribution to the PJ–SSS relationship is examined 170 

using partial correlation. After removing the combined influence of ENSO and IOD, the 171 

characteristic meridional SSS pattern remains evident, with positive correlations persisting over 172 

the northern BoB and negative correlations over the central and southwestern basin (Fig. 1d). 173 

Although the magnitude and spatial extent of the correlations are somewhat reduced, particularly 174 

over the northern BoB, the persistence of the dipole indicates that the PJ–SSS relationship cannot 175 

be explained solely by concurrent ENSO and IOD variability. This provides evidence for an 176 

independent contribution of PJ-related atmospheric variability to interannual BoB salinity 177 

variability. 178 

The robustness of the PJ-related salinity response is further evaluated using four 179 

independent salinity products, including gridded Argo observations, EN4 objective analyses, and 180 

the ORAS5 and GLORYS Ocean reanalyses (Fig. 2). All products reproduce the broad meridional 181 

contrast identified in the satellite observations, demonstrating that the relationship is not dependent 182 

on a particular dataset. Differences are most evident over the northern BoB, particularly among 183 

the reanalysis products, and likely reflect differences in the representation of river discharge, 184 

surface freshwater fluxes, vertical mixing, and coastal processes (e.g., Akhil et al., 2020). 185 

Nevertheless, the overall agreement among independent products supports the robustness of the 186 

PJ-related BoB salinity signal. 187 

To identify the processes underlying this response, Fig. 3 presents regressions of SSS, 188 

precipitation, sea surface height (SSH), surface currents, and winds onto the PJ index. The 189 

meridional SSS dipole is accompanied by pronounced atmospheric and oceanic anomalies. 190 

Positive PJ conditions are associated with suppressed precipitation over the northern and 191 

northeastern BoB and enhanced rainfall over the southern BoB and equatorial eastern Indian Ocean 192 

(Fig. 3b). The PJ teleconnection modifies the summer monsoon circulation through the 193 
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development of an anomalous anticyclone over the northern Indian Ocean (Srinivas et al., 2018; 194 

Kosaka et al., 2021). Concurrently, anomalous surface winds extend across the central and 195 

northern BoB (Fig. 3d), while predominantly positive SSH anomalies and associated circulation 196 

changes occur over much of the northern and central basin (Fig. 3c). The spatial correspondence 197 

among SSS, precipitation, SSH, and circulation anomalies indicates that the PJ-related salinity 198 

response involves both anomalous surface freshwater forcing and dynamically driven 199 

redistribution of upper-ocean freshwater. 200 

The mixed-layer salinity budget further distinguishes these contributions (Fig. 4). Positive 201 

salinity tendencies dominate parts of the northern and northeastern BoB, whereas negative 202 

tendencies occur over much of the central and southern basin (Fig. 4a), broadly consistent with the 203 

SSS response. Surface freshwater forcing contributes to this meridional contrast, with positive 204 

anomalies over parts of the northern and northeastern BoB and predominantly negative anomalies 205 

farther south (Fig. 4b). The latter are consistent with enhanced precipitation during the positive PJ 206 

phase (Fig. 3b). Horizontal advection exhibits stronger spatial heterogeneity, with pronounced 207 

positive and negative contributions concentrated near the northern boundary and in regions of 208 

strong background salinity gradients (Fig. 4c). The residual remains appreciable in several regions 209 

(Fig. 4d), suggesting contributions from unresolved vertical processes and mixing, as well as 210 

uncertainties associated with combining observational and reanalysis products. 211 

The regional budget provides a clearer quantitative assessment of the processes controlling 212 

the salinity dipole (Fig. 5). The northern BoB exhibits a positive salinity tendency of 213 

approximately 0.08, whereas the southern BoB shows a negative tendency of approximately −0.06, 214 

confirming the contrasting responses evident in the spatial regression. Importantly, the processes 215 

responsible for these tendencies differ markedly between the two regions. In the northern BoB, 216 

horizontal advection (~0.06) constitutes the largest resolved positive contribution, while vertical 217 

advection provides only a small positive contribution. Entrainment (~−0.02) and the residual 218 

(~−0.03) oppose the salinification. Thus, although reduced precipitation locally favors increased 219 

salinity over parts of the northern BoB, the regional budget indicates that anomalous horizontal 220 

salinity transport is the dominant resolved mechanism supporting the area-averaged positive 221 

salinity tendency. The southern BoB exhibits a fundamentally different balance. Surface 222 

freshwater forcing (~−0.04) provides the largest contribution to the negative salinity tendency, 223 
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consistent with enhanced precipitation over the southern BoB and equatorial eastern Indian Ocean 224 

during the positive PJ phase. Horizontal advection provides a smaller negative contribution 225 

(~−0.01), while vertical advection and entrainment are comparatively weak. The regional budget 226 

therefore reveals a clear mechanistic contrast: northern BoB salinification is predominantly 227 

associated with anomalous horizontal advection, whereas surface freshwater forcing primarily 228 

controls southern BoB freshening. 229 

The dominance of horizontal advection in the northern BoB raises the question of how PJ-230 

related atmospheric forcing generates the circulation anomalies required to redistribute freshwater. 231 

To address this, the oceanic adjustment is examined using PJ-regressed sea-level anomalies (SLA) 232 

along the equatorial–coastal waveguide and across the BoB interior (Fig. 6). The pathway–time 233 

analysis shows coherent SLA anomalies evolving along the equatorial and coastal boundaries 234 

during boreal summer (Fig. 6a–b). Positive SLA anomalies are prominent along the initial sections 235 

of the pathway during June and subsequently extend toward the eastern and northern BoB, 236 

consistent with the propagation of downwelling equatorial and coastal Kelvin-wave signals. The 237 

lag–distance regression provides additional evidence for this propagating response (Fig. 6c). 238 

Coherent SLA anomalies progress over several thousand kilometres along the pathway and evolve 239 

over subsequent weeks, indicating that the sea-level response is not spatially simultaneous but 240 

contains a distinct propagating component. Upon reaching the eastern boundary of the BoB, part 241 

of the coastal disturbance radiates into the basin interior. Along 14°N, coherent SLA anomalies 242 

display a pronounced westward displacement from the eastern and central BoB toward the western 243 

basin during June–July (Fig. 6d), consistent with westward-propagating Rossby waves. Such 244 

Kelvin-to-Rossby wave adjustment provides an established mechanism for transmitting remotely 245 

generated sea-level disturbances from the equatorial Indian Ocean and eastern boundary into the 246 

northern Indian Ocean interior (McCreary et al., 1993; Clarke and Liu, 1994; Shankar et al., 2002).  247 

This wave adjustment provides a dynamical framework for interpreting the SSH, 248 

circulation, and salinity-budget responses. The positive SSH anomalies over the northern and 249 

central BoB (Fig. 3c) are consistent with the downwelling wave signals identified in Fig. 6. As 250 

these disturbances propagate along the boundary and subsequently westward into the basin, they 251 

alter upper-ocean pressure gradients and circulation, thereby modulating horizontal freshwater 252 

transport. This connection is particularly relevant to the northern BoB, where strong background 253 
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salinity gradients make SSS highly sensitive to circulation changes and where the regional budget 254 

identifies horizontal advection as the dominant resolved salinifying process (Figs. 4c and 5). The 255 

wave response therefore provides a plausible dynamical pathway through which PJ-related remote 256 

forcing reorganizes upper-ocean circulation and freshwater distribution rather than directly 257 

generating the salinity anomalies. 258 

Overall, this section establish a coherent pathway linking WNP atmospheric variability to 259 

BoB salinity. The persistence of the PJ–SSS relationship after removing the influence of ENSO 260 

and IOD demonstrates that the connection is not simply a manifestation of these dominant tropical 261 

climate modes (Fig. 1). During the positive PJ phase, atmospheric circulation anomalies modify 262 

precipitation and surface winds over the tropical Indian Ocean (Fig. 3), while the associated 263 

oceanic adjustment is communicated through equatorial and coastal Kelvin waves and 264 

subsequently into the BoB interior through westward-propagating Rossby waves (Fig. 6). These 265 

circulation changes enhance horizontal salinity advection in the northern BoB, where dynamical 266 

freshwater redistribution provides the dominant resolved positive contribution to the salinity 267 

tendency. In contrast, enhanced precipitation and associated surface freshwater forcing dominate 268 

the freshening response in the southern BoB. The PJ-related SSS dipole therefore emerges from 269 

the spatially contrasting influence of ocean dynamical redistribution in the northern BoB and 270 

atmospheric freshwater forcing in the southern BoB, establishing a pathway through which WNP 271 

climate variability influences upper-ocean salinity in the northern Indian Ocean. 272 

4. BoB salinity symmetric and asymmetric response to PJ pattern  273 

Regression and mixed-layer salinity-budget analyses establish a robust relationship between the 274 

PJ pattern and BoB salinity variability, but do not reveal whether the oceanic response is symmetric 275 

between positive and negative PJ phases. To examine this phase dependence, composite analyses 276 

are performed using ORAS5 and ERA5 for 1980–2025, extending the assessment beyond the 277 

satellite SSS period. Figure 7 shows composite anomalies of SSS, SSH and surface currents, 278 

precipitation, and surface winds during positive and negative PJ events. During the positive PJ 279 

phase, a pronounced meridional salinity contrast develops over the BoB, with positive SSS 280 

anomalies concentrated in the northern basin and predominantly negative anomalies over the 281 

central and southern BoB (Fig. 7a). This pattern closely resembles the PJ-regressed SSS response 282 
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(Fig. 3a), despite differences in datasets and analysis periods. The northern salinification is 283 

accompanied by suppressed precipitation (Fig. 7c), positive SSH anomalies, and anomalous 284 

circulation over the northern BoB (Fig. 7b). Enhanced rainfall farther south coincides with 285 

negative SSS anomalies, consistent with the dominant contribution of surface freshwater forcing 286 

to southern BoB freshening identified from the mixed-layer salinity budget (Figs. 4 and 5). Over 287 

the northern BoB, however, the budget analysis shows that horizontal advection provides the 288 

largest resolved positive contribution to the salinity tendency. The SSH and current anomalies in 289 

the positive PJ composite therefore support an important role for circulation-driven redistribution 290 

of freshwater in maintaining the northern salinity anomaly. The response broadly reverses during 291 

the negative PJ phase (Fig. 7d–f). Negative SSS anomalies dominate the northernmost BoB, 292 

accompanied by negative SSH anomalies and enhanced precipitation, whereas positive SSS 293 

anomalies occur over parts of the southern and eastern basin (Fig. 7d–f). The reversal of the large-294 

scale SSS, SSH, and rainfall patterns indicates that a substantial fraction of the BoB response varies 295 

approximately linearly with the sign of the PJ forcing. However, the amplitudes and spatial 296 

structures of the positive and negative composites are not exact mirror images. In particular, the 297 

northern BoB exhibits differences in the location and magnitude of the SSS and SSH anomalies 298 

between the two phases, suggesting a degree of nonlinear oceanic adjustment. 299 

To isolate these components, the positive and negative PJ composites are decomposed into 300 

symmetric and asymmetric responses (Fig. 8). The symmetric component, obtained from the 301 

difference between the positive and negative composites, captures the portion of the response that 302 

reverses sign with the PJ phase. It reproduces the dominant meridional SSS structure, with strong 303 

positive anomalies over the northern BoB and negative anomalies over much of the central and 304 

southern basin (Fig. 8a). The corresponding fields show predominantly positive SSH anomalies 305 

over the northern and central BoB (Fig. 8b), together with suppressed precipitation over the 306 

northern and northeastern basin and enhanced precipitation farther south (Fig. 8c). The close 307 

correspondence between the symmetric SSS, SSH, circulation, and rainfall anomalies 308 

demonstrates that the leading BoB response is approximately linear with respect to PJ forcing. 309 

In contrast, the asymmetric component, obtained from the sum of the positive and negative 310 

composites, represents anomalies that do not reverse sign between the two PJ phases (Fig. 8d–f). 311 

Its amplitude is generally weaker than that of the symmetric component, but substantial SSS 312 
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anomalies remain over the northern BoB, particularly near the northern boundary and western 313 

sector (Fig. 8d). The corresponding SSH and current anomalies are also concentrated primarily in 314 

the northern basin (Fig. 8e), whereas the rainfall and wind asymmetries are comparatively weaker 315 

and spatially less coherent (Fig. 8f). This contrast suggests that solely asymmetric atmospheric 316 

freshwater forcing and points to a greater contribution from nonlinear ocean dynamical processes 317 

cannot explain the asymmetry in the salinity response.  318 

The concentration of the asymmetric SSS and SSH signals in the northern BoB is 319 

particularly relevant because this region is characterized by strong background salinity gradients 320 

and a dominant contribution from horizontal advection to the PJ-related salinity tendency (Figs. 4 321 

and 5). Relatively small differences in circulation between positive and negative PJ phases can 322 

therefore produce substantial differences in horizontal freshwater transport. The Kelvin–Rossby 323 

wave adjustment identified from the SLA propagation analysis (Fig. 6) provides a dynamical 324 

context for this behaviour: remotely forced wave signals modify SSH and upper-ocean pressure 325 

gradients, while their interaction with the background circulation and strong salinity gradients can 326 

produce phase-dependent freshwater redistribution. Thus, the weaker asymmetric component is 327 

consistent with nonlinear oceanic adjustment superimposed on the dominant linear response to PJ 328 

forcing. 329 

Overall, the composite and symmetric–asymmetric analyses demonstrate that the BoB 330 

salinity response to the PJ pattern consists of a dominant approximately linear component and a 331 

weaker nonlinear component. The linear response is characterized by a meridional SSS contrast 332 

accompanied by coherent rainfall, SSH, wind, and circulation anomalies that broadly reverse 333 

between positive and negative PJ phases. Within this response, surface freshwater forcing plays 334 

the leading role in southern BoB freshening, whereas horizontal advection is the dominant resolved 335 

contribution to northern BoB salinification. The weaker asymmetric response is concentrated 336 

primarily over the northern BoB and is more clearly expressed in SSS and SSH than in the 337 

atmospheric fields, indicating an enhanced role for nonlinear ocean dynamics and phase-dependent 338 

freshwater redistribution. Together with the wave diagnostics, these results show that PJ-related 339 

BoB salinity variability reflects the combined effects of atmospheric freshwater forcing, remotely 340 

forced oceanic adjustment, and regional horizontal salinity transport. 341 
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5. Summary and conclusions 342 

This study demonstrates that the Pacific–Japan (PJ) pattern is an important driver of boreal summer 343 

sea surface salinity (SSS) variability in the Bay of Bengal (BoB). Using satellite observations, 344 

independent in situ products, and ocean reanalyses, we identify a robust atmospheric–oceanic 345 

teleconnection linking western North Pacific (WNP) atmospheric variability to upper-ocean 346 

salinity changes across the northern Indian Ocean. The PJ pattern produces a pronounced 347 

meridional salinity dipole over the BoB, characterized by positive SSS anomalies in the northern 348 

basin and negative anomalies in the southern basin, while weaker but spatially coherent salinity 349 

anomalies also extend into the Arabian Sea (Figure not shown). The consistency of these signals 350 

across multiple observational and reanalysis products demonstrates that the PJ-related salinity 351 

response is a robust feature of the Indo-Pacific climate system. 352 

The physical mechanisms underlying this teleconnection are summarized schematically in 353 

Figure 9. During the positive PJ phase, the anomalous anticyclonic circulation over the western 354 

North Pacific modifies the climatological summer monsoon circulation, altering moisture 355 

transport, precipitation, and evaporation across the Bay of Bengal (Nitta, 1987; Kosaka and 356 

Nakamura, 2006; Srinivas et al., 2018). Suppressed precipitation together with enhanced 357 

evaporation over the northern BoB increases surface salinity, whereas enhanced precipitation over 358 

the southern BoB produces widespread freshening. Concurrently, the anomalous wind forcing 359 

excites coastal Kelvin waves along the eastern boundary of the Bay of Bengal and the Maritime 360 

Continent, which subsequently radiate westward into the basin interior as downwelling Rossby 361 

waves (Clarke and Liu, 1994; McCreary et al., 1993; Shankar et al., 2002). These remotely forced 362 

oceanic waves reorganize sea surface height and upper-ocean circulation, thereby redistributing 363 

salinity anomalies throughout the basin. Mixed-layer salinity budget analysis further demonstrates 364 

that freshwater-flux anomalies associated with evaporation minus precipitation (E–P) constitute 365 

the primary driver of the PJ-induced salinity response, whereas horizontal advection and upper-366 

ocean mixing regulate the redistribution and amplification of these anomalies. The symmetric–367 

asymmetric decomposition reveals that the BoB salinity dipole, associated rainfall anomalies, and 368 

large-scale circulation changes primarily represent a linear response to PJ forcing. In contrast, the 369 

weaker asymmetric component arises from nonlinear ocean dynamical adjustments associated 370 

with coastal Kelvin waves, Rossby-wave propagation, and upper-ocean circulation changes, which 371 
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modulate the magnitude and spatial distribution of the salinity response. These results indicate that 372 

atmospheric forcing establishes the dominant salinity signal, while ocean dynamics determine its 373 

spatial evolution and persistence.  374 

Overall, this study identifies a previously unrecognized atmospheric–oceanic pathway 375 

through which the Pacific–Japan pattern modulates Bay of Bengal salinity variability. By linking 376 

western North Pacific atmospheric variability to freshwater fluxes, upper-ocean circulation, and 377 

salinity stratification in the Bay of Bengal, this work advances our understanding of Indo-Pacific 378 

climate interactions and their influence on upper-ocean hydrography. Because upper-ocean salinity 379 

strongly regulates mixed-layer stability, barrier-layer formation, and air–sea coupling (Sprintall 380 

and Tomczak, 1992; Schmitt, 2008; Vinayachandran and Nanjundiah, 2009), the PJ-related 381 

salinity variability identified here has important implications for seasonal prediction of the Indian 382 

summer monsoon, tropical Indian Ocean climate variability, and coupled ocean–atmosphere 383 

predictability. Future work should assess the representation of this newly identified PJ–Indian 384 

Ocean salinity teleconnection in coupled climate models and evaluate its influence on seasonal 385 

prediction and future climate projections under anthropogenic warming. 386 
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Figures 543 

 544 

Figure 1. (a) Leading empirical orthogonal function (EOF1) of JJA 850-hPa relative vorticity 545 

anomalies (10⁻⁵ s⁻¹) over the western North Pacific. (b), Corresponding standardized principal 546 

component (PJ index), with positive and negative PJ years exceeding ±1 standard deviation 547 

indicated by red and blue stars, respectively. (c), Correlation between the PJ index and JJA sea 548 

surface salinity (SSS) anomalies. (d), Partial correlation between the PJ index and SSS after 549 

removing the combined influence of ENSO and the Indian Ocean Dipole (IOD). Stippling 550 

indicates statistical significance at the 95% confidence level. 551 
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 552 

Figure 2. Correlation of PJ index with the JJA mean of SSS from different products (a) ARGO, 553 

(b) HadEN4, (c) ORAs5 and (d) GLORYS datasets. Contours on all the panels show the 554 

correlation of PJ with satellite salinity measurements, same as figure 1d. 555 

  556 

 557 

 558 

 559 
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 560 

Figure 3. Regression of the standardized PJ index onto JJA-mean anomalies of (a), sea surface 561 

salinity (SSS); (b), sea surface height (SSH; shading, m) and surface currents (vectors, m s⁻¹); (c), 562 

precipitation (mm day⁻¹); and (d), surface winds (m s⁻¹). Stippling indicates regression coefficients 563 

statistically significant at the 95% confidence level. 564 

 565 

 566 

 567 
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 568 

Figure 4. Regression of the standardized PJ index onto JJA-mean mixed-layer salinity budget 569 

terms: (a), salinity tendency; (b), surface freshwater forcing; (c), horizontal advection; and (d), 570 

residual. Mixed-layer salinity and mixed-layer depth are derived from the Copernicus multi-571 

observation three-dimensional ocean product, ocean currents from ORAS5, and precipitation and 572 

evaporation from ERA5. See Methods for the mixed-layer salinity budget formulation.  573 
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 574 

Figure 5. Area-averaged regression of mixed-layer salinity budget terms onto the standardized PJ 575 

index over the northern (red) and southern (blue) Bay of Bengal (BoB). Terms include mixed-576 

layer salinity tendency, surface freshwater forcing, horizontal advection, vertical advection, 577 

entrainment, and residual. Positive (negative) values indicate processes contributing to 578 

salinification (freshening) during the positive PJ phase. Regression coefficients are expressed per 579 

standard deviation of the PJ index. 580 
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 587 

Figure 6. (a) Pathways used to diagnose equatorial and coastal Kelvin waves and interior Rossby 588 

waves. Numbered 1° × 1° boxes in define the sequential averaging regions along the Kelvin-wave 589 

pathway, while the transect at 14°N defines the Rossby-wave pathway. (b), Hovmöller diagram of 590 

PJ-regressed daily sea-level anomaly (SLA) along the Kelvin-wave pathway. (c), Lagged 591 

regression of SLA onto the PJ index as a function of cumulative distance along the Kelvin-wave 592 

pathway; positive lag denotes PJ leading SLA. (d), Longitude–time Hovmöller diagram of PJ-593 

regressed SLA along 14°N. Stippling indicates statistical significance at the 95% confidence level. 594 

Regression coefficients are expressed per standard deviation of the PJ index. 595 
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 596 

Figure 7. Average JJA composites of (a) SSS (shaded), (b) SSH (shaded, m) and surface currents 597 

(vectors, m/s), and (c) rainfall (shaded, mm/day) and surface winds (vectors, m/s) during the 598 

positive PJ years. (d) - (f) same as (a) - (c) but for the composites of negative PJ years. The 599 

composite analysis is carried out from ORAs5 during the period 1980 – 2025. Stippling indicates 600 

the statistical significance at 95% confidence level. 601 



28 

 

 602 

Figure 8. Average JJA composite of symmetrical (obtained as (positive PJ – negative PJ) and 603 

asymmetrical (obtained as positive PJ + negative PJ) anomalies for (a), (d) SSS (shaded), (b), (e) 604 

SSH (shaded, m) and surface currents (vectors, m/s), and (c), (f) rainfall (shaded, mm/day) and 605 

surface winds (vectors, m/s). Stippling indicates the statistical significance at 95% confidence 606 

level. 607 

 608 

  609 
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 610 

Figure 9. Schematic representation of the salinity response over the Bay of Bengal to the PJ 611 

pattern. Color shading represents sea surface salinity, and blue vectors denote surface wind 612 

anomalies. The green elliptical arrows indicate the anomalous anticyclonic circulation over the 613 

western North Pacific, while the red ribbon arrow represents the westward propagation of Rossby 614 

waves. The black contour along the coast denotes the propagation pathway of coastal Kelvin 615 

waves. Upward yellow arrows indicate enhanced evaporation over the northern Bay of Bengal, 616 

whereas the clouds over the Indian landmass and southern Bay of Bengal indicate enhanced 617 

precipitation. 618 
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