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Abstract: Significant contrast in sea surface salinity (SSS) emerges between the 16 

Arabian Sea (AS) and Bay of Bengal (BoB) caused by distinct air-sea freshwater flux 17 

and runoff inputs. The monsoon-induced inter-basin water exchange plays an important 18 

role in regional salinity balance and atmosphere-ocean feedback in the North Indian 19 

Ocean. The satellite SSS dataset reveals that significant intraseasonal variabilities of 20 

SSS occur in the south of India with stronger amplitude in winter than in summer. A 21 

case study in the late fall and earlier winter of 2016 shows that the Northeast Monsoon 22 

Current (NMC) and an eddy pair developed in the south of India plays a vital role in 23 

the intraseasonal variabilities of SSS there. In November, the East India Coastal Current 24 

(EICC) transports the low-salinity water southward to the east side of Sri Lanka. 25 

Meanwhile, a cyclonic eddy develops and propagates westward in the south of the 26 

NMC. Both NMC and the cyclonic eddy advects the low-salinity water westward to the 27 

south of India. Then, an anticyclonic eddy generates in the north of the NMC, forming 28 

an eddy pair with the cyclonic eddy. This eddy pair develops and propagates westward 29 

in the south of India for more than one and a half months, transporting low-salinity 30 

water westward. The perturbation of eddies and SSS gradient leads to the significant 31 

intraseasonal variability of SSS there. 32 

Key words: Sea Surface Salinity; intraseasonal variability; mesoscale eddies; North 33 

Indian Ocean; 34 

1 Introduction 35 

The ocean salinity is not only an indicator of the global water cycle (Durack et al. 36 

2012) but also determines the ocean density and temperature, leading to the vertical 37 

stratification of the ocean and thermohaline circulation (Murtugudde and Busalacchi 38 

1998; Vinogradova et al. 2019). Therefore, it plays a key part in the thermodynamic 39 

processes of the ocean. In recent years, the dynamic and thermodynamic processes of 40 

the North Indian Ocean and their responses to climate change have gained much more 41 

attention. 42 

The distribution of sea surface salinity (SSS) in the North Indian Ocean has a great 43 

spatial difference. India divides the North Indian Ocean into two semi-closed basins, 44 
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the Arabian Sea (AS) in the west and the Bay of Bengal (BoB) in the east. Although the 45 

AS and the BoB are at the same latitude and both affected by the monsoon, the salinity 46 

of the upper ocean is significantly different (Schott and McCreary 2001). The salinity 47 

of the AS is relatively high due to the ocean surface loss of freshwater with the annual 48 

evaporation exceeding precipitation as well as the influence of high-salinity water mass 49 

from the Red Sea and the Persian Gulf (Zhang et al. 2020). In the BoB, the annual mean 50 

precipitation and freshwater input by the rivers are abundant due to strong moisture flux 51 

convergence by the Southwest Monsoon (Schott et al. 2009), which causes the 52 

relatively low SSS (Vinayachandran et al. 2012). Especially in the estuary area, the SSS 53 

is lower than 25 psu in summer, far below the average salinity of the world ocean. In 54 

the equatorial Indian Ocean, a significant SSS gradient appears from west to east caused 55 

by increasing precipitation and the water transport from adjacent areas (Schott and 56 

McCreary 2001).  57 

Climatically, the pattern of SSS in the northern Indian Ocean is generally consistent 58 

with that of evaporation minus precipitation(E-P). To maintain the long-term salt 59 

balance, the monsoon currents play an important role in the water mass exchange 60 

between the west and the east of the northern Indian Ocean (Shetye et al. 1996; Durand 61 

et al. 2009). Using the synthetic site data, Rao and Sivakumar (2002) found that the 62 

seasonal variation of SSS in the North Indian Ocean is mainly determined by freshwater 63 

input and redistribution of high- and low-salinity water caused by ocean currents. The 64 

monsoon currents in the North Indian Ocean cause the water exchange between the AS 65 

and the BoB (Schott and McCreary 2001; Shankar et al. 2002; Schott et al. 2009; Zhang 66 

and Du 2012). The SSS distribution determined by E-P is strongly affected by 67 

horizontal advection on the seasonal scale.  68 

The East India Coastal Current (EICC) is a seasonal reversed current located in the 69 

west coast of BoB, which connects the BoB with the equatorial Indian Ocean and the 70 

AS. Before and during the onset of the summer monsoon, EICC northward transports 71 

the high-salinity water from the AS and the equator to the northern BoB. After the 72 

summer monsoon, it flows southward and forms a continuous flow between the 73 

northern BoB and the southeast coast of Sri Lanka from November to December and 74 
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March to April (Schott et al. 2001; Vinayachandran et al. 2005). Therefore, it effectively 75 

transports low-salinity water from the northern BoB to the south of India, becoming a 76 

low-salinity water source for inter-basin transport. 77 

The monsoon current located in the south of India has seasonal reversal 78 

characteristics, which promotes the water exchange between the AS and the BoB, 79 

maintaining the salinity balance between the two basins (Rao and Sivakumar 2002; 80 

Zhang and Du 2012). In summer, the Southwest Monsoon Current (SMC) carries the 81 

high-salinity waters from the AS into the BoB from the central part. At the same time, 82 

the SSS in the northern BoB decreased significantly under the influence of considerable 83 

river runoff. These results demonstrated that river runoff is the dominant factor for the 84 

variation of SSS of the north BoB during the Southwest Monsoon (Howden and 85 

Murtuggude 2001; Han and McCreary 2001; Yu and McCreary 2004; Srivastava et al. 86 

2019). In winter, the Northeast Monsoon Current (NMC) transports the low-salinity 87 

water carried by EICC from BoB to the west and imports it into the southeastern AS 88 

(Shenoi et al. 2005; Kurian et al. 2007; Durand et al. 2007). Recently, the satellite SSS 89 

observations suggest that the low-salinity water outflow from the BoB, westward into 90 

the south of Sri Lanka and eventually into the AS, is discontinuous. Hence, considering 91 

only the role of seasonal current can't reveal the essential dynamics of salinity transport.  92 

Previous studies have pointed out that the oceanic dynamic process in the North 93 

Indian Ocean has obvious intraseasonal signals. Sea surface height exhibits an evident 94 

intraseasonal cycle in the east of Sri Lanka and the adjacent regions, which is mainly 95 

related to eddy activities (Cheng et al. 2017). Greaser et al. (2020) pointed out that the 96 

number and amplitude of eddy in BoB are closely related to the atmospheric 97 

Intraseasonal Variability (ISV) of 3-7 days in the region. Affected by Madden-Julian 98 

Oscillation (MJO) or Intraseasonal Oscillation (ISO), the changes of SSS in the BoB 99 

have three distinct periods, 30 – 90 days, 10 – 20 days, and 3 – 7 days (Trott et al. 2019; 100 

Subrahmanyam et al. 2020).  101 

This paper focuses on the role of eddies in low-salinity water transport in the south 102 

of India during winter. Previous studies have pointed out that the SSS data from satellite 103 

observation such as Soil Moisture and Ocean Salinity (SMOS), Soil Moisture Active 104 
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Passive (SMAP) and Aquarius can well reflect the influence of water transport caused 105 

by eddies on regional SSS (Hasson et al. 2018, Qu et al. 2019). This paper uses the 106 

SMAP SSS data combined with other observation data to explore the role of eddies in 107 

water exchange between the BoB and the AS during wintertime. 108 

2 Data and Methods 109 

2.1 Data 110 

The SMAP satellite of the National Aeronautics and Space Administration (NASA) 111 

is designed to measure soil moisture and SSS (Fore et al. 2016). The SSS data of SMAP 112 

is obtained by sensors operating at 1.4 GHz in the L band, with a clipping width of 113 

about 1000 km. The SSS product used in this paper is JPL SMAP Level 3 CAP Sea 114 

Surface Salinity Standard Mapped Image 8-Day Running Mean V5.0 Validated Dataset 115 

with 0.25° horizontal resolution, provided by Jet Propulsion Laboratory (JPL). The 116 

starting date for this dataset is May 4, 2015. The time frame for the data used in this 117 

paper is from May 4, 2015, to Feb 29, 2020. The SMAP data were missing or impacted 118 

from Jun 19 to Jul 22, 2019, Oct 5 to Nov 23, 2019, and Feb 4 to Feb 5, 2020, due to 119 

the security incident and the Antenna Scan Angle (ASA) error. But these files have been 120 

identified and reprocessed. The monthly mean SSS from World Ocean Atlas 2018 121 

(WOA18) with a 1° horizontal resolution is used in this study. The dataset is from the 122 

National Oceanographic Data Center (NCEI) of the United States and the World Data 123 

Service (WDS) of Maryland (Garcia et al., 2019). The monthly mean mixed layer depth 124 

data with a 0.25° horizontal resolution is also from the WOA18. 125 

The data of the sea surface current field are obtained from the Ocean Surface 126 

Current Analysis Real-time (OSCAR) products, with a horizontal resolution of 1/3° 127 

(Bonjean and Lagerloef 2002) and have been uniformly interpolated into a 1/4° grid to 128 

calculate the salinity budget with the SMAP SSS. OSCAR products use satellite sea 129 

surface height, wind, and temperature to calculate global ocean currents directly. Sea 130 

Level Anomaly (SLA) data are provided by Copernicus Climate Change Service (C3S), 131 

which is obtained by removing the 20-year average from 1993 to 2012. 132 
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The daily accumulated evaporation and precipitation data are from the European 133 

Centre for Medium-Range Weather Forecasts (ECMWF). The daily accumulated data 134 

are calculated according to the ERA5 data, and the horizontal resolution of the data is 135 

1/4 °. 136 

2.2 Salinity budget analysis 137 

Following Rao and Sivakumar (2003) and Nyadjro et al. (2012), the mixed layer 138 

salinity evolution equation is expressed as follows: 139 

 140 

Where S is the averaged salinity of the mixed layer. The SSS is used in this paper to 141 

replace the averaged salinity of the mixed layer due to the relatively homogeneous 142 

salinity distribution within the mixed layer for the research region. E and P represent 143 

evaporation and precipitation, respectively. h is the mixed layer depth. U and V are 144 

zonal and meridional velocities, respectively. is the vertical entrainment velocity. 145 

equals the bottom salinity of the mixed layer minus the average salinity in the mixed 146 

layer. From left to right, the first term represents the salinity tendency, the second term 147 

represents the forcing of freshwater flux, the third term represents the horizontal 148 

advection, and the fourth represents the vertical entrainment process. Previous studies 149 

have shown that the vertical entrainment is one order of magnitude smaller than the 150 

horizontal advection in the open ocean on the monthly mean state (Rao and Sivikumar 151 

2003). In the upwelling area of the ocean, the effect of vertical entrainment on salinity 152 

change is enhanced, but the contribution is still small (Kohler et al. 2018). Therefore, 153 

this paper only discusses the role of freshwater flux and horizontal advection. D 154 

represents the residual term, which contains errors caused by small-scale processes such 155 

as vertical entrainment, diffusion, and mixing. 156 

3 Results 157 
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3.1 Seasonal distribution of SSS in the North Indian Ocean and the role of ocean 158 

circulation  159 

In the annual mean state, the East-West SSS differs largely in the North Indian 160 

Ocean (Fig. 1a). The salinity at the northern AS is close to 37 psu due to the freshwater 161 

flux with evaporation exceeding precipitation. The SSS with a value larger than 36 psu 162 

is throughout the basin, except in the Southeastern AS. In the BoB, the SSS gradually 163 

decreases toward the northern bay, forming an obvious salinity gradient. At the 164 

northernmost end, due to the large input of river runoff, the annual average SSS is below 165 

30 psu. There is an obvious coastal low-salinity tongue that extends from the BoB to 166 

southeastern AS. South of it, especially along the equator, a high-salinity tongue 167 

extends from the west to the east, and then enters the BoB in the central parts (Fig. 1). 168 

The distribution of high- and low- salinity tongues indicates the water exchanges 169 

between the two basins.  170 

Previous studies suggested that the SMC in summer and NMC in winter play an 171 

essential role in water mass exchange between the two basins (Rao and Sivakumar 2002; 172 

Jenson 2003; Zhang and Du 2012). The eight-day running mean SSS show that low-173 

salinity water appears along the west coast of BoB and the coast of Sri Lanka and 174 

southern India during winter, especially on Nov 28, 2016, a large amount of the low-175 

salinity water with SSS of less than 32 psu appeared in south India (Fig. 1b). The low 176 

salinity distribution is coherent with the southward EICC and the westward NMC and 177 

their related mesoscale eddies (Fig. 1b). The patchy distribution of the SSS near the 178 

coastal region indicated that mesoscale eddies play a crucial role in the advection of 179 

low-salinity water. An eddy pair with anticyclonic eddy north and cyclonic eddy south 180 

appeared between India and the equator with a center at 78°E. Meanwhile, a large 181 

amount of low-salinity water is trapped in the anticyclonic, and some were advected to 182 

the western region by the edge-jet of the eddy-pair (Fig. 1b). In summer, the low-salinity 183 

water south of India and Sri Lanka is replaced by the high-salinity water with SSS lager 184 

than 35 psu, nearly 3 psu lager than that in winter (Figure 1c). The corresponding 185 

eastward SMC occurs in the region and advects the high-salinity water from the AS into 186 
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the BoB in the central region. The mesoscale eddies can also be noticed during the 187 

transport of high-salinity water in summer, but with smaller intensity than that in winter 188 

(Figure 1c).  189 

 190 

Figure 1 Annual mean distribution of SSS in the North Indian Ocean and the inter-basin water 191 

transport in winter and summer, respectively. (a) Annual mean of SSS (shading, psu), (b) SSS 192 

(shading, psu) and sea surface current (vector, m / s) on Nov 28, 2016, and (c) same as b but for Jul 193 

28, 2016. 194 

 195 

3.2 Intraseasonal variability of SSS in the south of India and the related ocean 196 

dynamics 197 

Comparing the root mean square (RMS) of SSS in WOA18 monthly data and 198 

SMAP SSS daily data, the results show that the variability of the daily SSS is much 199 

stronger than that in the monthly, although they show the similar patterns in the north 200 

Indian Ocean (Figure 2a). This indicates that satellite SSS with high spatial- and 201 
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temporal- resolutions can capture more variability in the upper ocean, especially the 202 

high-frequency variability. 203 

 204 

Figure 2 Root Mean Square of SSS (unit: psu) in the central and southern North Indian Ocean. (a) 205 

daily SMAP SSS (shading) and climatological monthly mean WOA18 SSS (contour); (b) SMAP 206 

SSS filtered with a 30-120 day bandpass filter. The red box (74 – 82°E, 3 – 8°N) in b indicates the 207 

study area for Figure 3. 208 

 209 

The highest RMS value of SSS in the North Indian Ocean is mainly distributed in 210 

southeastern AS, south of India and Sri Lanka, and along the coast of BoB. Among 211 

them, the SSS change along the coast of the BoB is the most distinctive, and the RMS 212 

peak value calculated using SMAP SSS is far more than 1.5 psu. The closer to the land, 213 

the greater the change in SSS, reflecting a strong influence from the land-sea interaction. 214 

In southeastern AS, the maximum RMS of SSS does not exist in the coastal area but 215 

locates as a high-value center in the open ocean with about 10° longitudinal distances 216 

from the west coast of India.  217 

The difference in the RMS between the monthly and daily SSS is intense in the 218 

regions south of India and Sri Lanka and along the coast of BoB, which is consistent 219 

with the RMS of the high-frequency SSS filtered with a band filter of 30-120 days 220 
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(Figure 2b). This further indicated that the satellite SSS captures the high-frequency 221 

variability of the SSS in these regions. Especially, the region south of India (74 – 82°E, 222 

3 – 8°N) is the key channel for the water mass exchange between the AS and the BoB. 223 

Therefore, this paper focuses on the change of SSS and related ocean dynamic 224 

processes in this region. Compared with the non-filtering result, the SSS variability is 225 

weakened, especially in southeastern AS, indicating that the SSS change in these 226 

regions is mainly caused by the mean current transport (Rao and Sivakumar 2002; 227 

Zhang and Du 2012).  228 

In the south of India, the monthly and climatological SSS and daily-averaged SSS 229 

have shown an apparent seasonal cycle in the past four years (Figure. 3). The SSS is 230 

high in summer and fall but low in winter and spring. The lowest SSS appears in the 231 

late autumn and early winter (November to December). Then it increases after April, 232 

and reaches the highest value from July to October (Figure. 3). The low-salinity water 233 

transported by the EICC and NMC from the northern BoB causes the sharply SSS 234 

decrease in November (Figure. 1b). Then, the freshwater caused by the Southwest 235 

Monsoon precipitation leads to the second decrease of the SSS from April to May. Later, 236 

with the development of the Southwest Monsoon, the SMC transports the high-salinity 237 

water from the AS into the south of India, increasing the SSS there.    238 

 239 

Figure 3 Time series of regional mean SSS in the south of India (74-82 ° E, 3-8 ° N). The red 240 

curve is daily SMAP SSS, the blue curve is monthly WOA18 SSS, and the black curve is monthly 241 

SMAP mean SSS. 242 

 243 
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Compared to the SSS variability during spring and summer, the SSS changes in 244 

autumn and winter are more rapid and violent. In addition to the sharp decrease of SSS, 245 

a larger amplitude of oscillation occurs in the daily data than in the monthly and 246 

climatological data (Figure. 3). It indicates that the SSS experiences more significant 247 

intraseasonal variability in winter than in summer. Within more than four years, the 248 

low-SSS events in the autumn and winter of 2016 and 2017 are the most prominent and 249 

the weakest in 2019.  250 

Intraseasonal variability of SSS is particularly significant in the autumn and winter 251 

of 2016, and the related ocean dynamical analysis shows a visible influence from the 252 

mesoscale eddies. This paper takes 2016 as a case to analyze the role of mesoscale 253 

eddies in the transport of low-salinity water during autumn and winter. Figure 4 shows 254 

the distribution of SSS, sea level anomalies (SLA), and sea surface current with 8 days 255 

intervals. The results show that on Oct 25, the low-salinity water along the west 256 

boundary of the BoB is transported southward to 12°N (Figure 4a). Afterward, the low-257 

salinity water tongue (31 – 31.5psu) extended southward to the southeast coast of Sri 258 

Lanka at 5°N due to the EICC transport on Nov 2 (Figure 4b). There are meridionally 259 

arranged eddies along the coasts of India and east of Sri Lanka during these periods. It 260 

is worth noting that a cyclonic eddy forms in the southeast corner of Sri Lanka and 261 

develops at the off-side of the coastal current (Figure 4b). Eight days later, the NMC 262 

develops in the south of Sri Lanka and India. Meanwhile, the cyclonic eddy strengthens 263 

and transports westward along the left side of the NMC (Figure 4c). Both help the 264 

westward transport of low-salinity water into the region south of India. On Nov 18, an 265 

anticyclonic eddy generates on the western side of Sri Lanka when the low-salinity 266 

water is transported to this region (Figure 4d). The anticyclonic eddy develops quickly 267 

and transports westward along the north edge of the NMC. On Nov 26, a couple of eddy 268 

pair forms in the south of India with a cyclonic eddy south and an anticyclonic eddy 269 

north of the NMC (Figure 4e). In this process, the eddy pair strengthened the westward 270 

transport of low-salinity water of the NMC. Later, the NMC and the eddy pair persists 271 

for nearly a month in the south of India, blocked by the Maldivian terrain to the west. 272 

During this period, the NMC continues to transport the low-salinity water from the BoB 273 
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to the south of India, while the eddy pair plays an important role in redistributing the 274 

low-salinity transported to this region (Figures 4e-h). By the end of December, the low-275 

SSS water transported from the north BoB has been discontinued. At the same time, the 276 

eddy pair weakened, and the north anticyclonic transported northward, wrapping a large 277 

amount of the low-salinity water into the southeastern AS, forming the Lakshadweep 278 

high (LH) (Shankar et al. 1997). LH did not vanish until February, and its boundary jet 279 

continued to transport low-salinity water northward, providing low-salinity water for 280 

the coastal boundary jet. During the period after Dec 12, NMC flows westward across 281 

the Maldives island chain, and part of the low-salinity water leaked to the southern AS 282 

and extended westward. 283 

In this low-salinity water event in late autumn and early winter, the SSS off 284 

southern India does not exhibit a simple continuous decrease in this process. With the 285 

separation, merge, movement of the eddies, and interaction with the jet, low-salinity 286 

water was entrained, entrapped, and transported. Consequently, SSS in the south of 287 

India and Sri Lanka appeared to have a large amplitude of intraseasonal variability. 288 

 289 

Figure 4 Distribution of SSS (shading; psu), SLA (contour; m), and sea surface current (vector; m 290 

/ s) in autumn and winter 2016. The red star represents the core of the anticyclonic eddy, and the 291 

blue star represents the core of the cyclonic eddy. A, B, and C represent the location of the area in 292 

figure 5 and figure 6, respectively. 293 
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 294 

3.3 Salinity budget analysis 295 

 Through the salinity budget equation, we further verify the dominant process of 296 

salinity change in this region. The result shows that the contribution of local freshwater 297 

flux is relatively small. The horizontal advection term is consistent with the change of 298 

salinity and the transport of high- and low-salinity water by sea surface current is the 299 

main reason for the locally change of SSS (Figure 5). 300 

Consistent with the above analysis, the SSS decreases sharply during late autumn 301 

and early winter each year caused by the horizontal salinity transport. However, the 302 

process of rebound increase in SSS appears because of the weakening of low-salinity 303 

water transport, showing obvious intraseasonal variability characteristics. Different 304 

from autumn and winter, the amplitude of salinity change in summer is small. Most of 305 

the SSS increase is also caused by positive high-salinity water transport. From May to 306 

September, stable SMC transported high-salinity waters from the AS to the BoB, 307 

flowing through the south of India, increasing SSS there. 308 

 309 

Figure 5 Time series of salinity budget equation in region B (74° – 82°E, 3 – 8°N) during 2015-310 

2019. 311 

Influenced by the eddy pair, the process of low-salinity water transport during the 312 

autumn and winter of 2016 showed significant intraseasonal variability. To further 313 

clarify the contribution of each component of the horizontal advection term on the low-314 

salinity water outflow path, we plot the time series of each component of the horizontal 315 

advection term in the eastern boundary region of India and Sri Lanka (region A, 80°-316 
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83°E, 8°-15°N), the region south of Sri Lanka and India (region B, 74°-82°E, 3-8°N) 317 

and the western boundary region of India (region C, 72°-77°E, 8°-10°N) from 318 

September 2016 to February 2017. The results show that from late October, the 319 

amplitude of the horizontal advection in region A increases significantly (Figure 6a). In 320 

addition to the mean term ( ), other perturbation terms including the 321 

mean flow and perturbation of SSS gradient interaction term (  ), 322 

perturbation of flow and mean SSS gradient interaction term ( ) and 323 

perturbation of flow and SSS gradient interaction term ( ) contribute to 324 

the decrease of SSS as well. Among them, affected by the eddy and the perturbation of 325 

low-salinity water transport in the north, the perturbation of flow and SSS gradient 326 

interaction term makes the most significant contribution to the SSS change in the 327 

eastern boundary region of India and Sri Lanka (Figure 6a). The process lasted until 328 

mid-December, with a peak at the end of October and early December, respectively. In 329 

terms of the latter peak, the effect of perturbation of flow and SSS gradient interaction 330 

term is equivalent to that of mean flow and perturbation of SSS gradient interaction 331 

term, which jointly leads to the decrease of SSS (Figure 6a). In other months, the 332 

horizontal advection had little change. 333 

In region B, the rapid increase of negative horizontal advection occurs in early 334 

November, which is about 10 days lag in region A, reflecting the influence of low-335 

salinity water transport from the northern BoB (Figure 6b). The low salinity event in 336 

region B lasts about a month. In the first 20 days, the mean flow and perturbation of the 337 

SSS gradient interaction term and the perturbation of flow and mean SSS gradient 338 

interaction term both contribute to the negative horizontal advection. The latter 339 

accounts for a larger proportion in the first half month, reflecting the influence of the 340 

eddy propagating on local SSS. In late November, EICC begins to weaken, and the 341 

mean flow and perturbation of the SSS gradient interaction term also weaken. At the 342 

same time, as the cyclonic eddy encounters the Maldives island chain, the moving speed 343 
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slows down. The entrainment of the local cyclonic eddy on the surrounding high-SSS 344 

water makes the perturbation of flow and perturbation of SSS gradient interaction term 345 

transfers to positive values. The cyclonic eddy gradually weakens under the influence 346 

of topography. On the one hand, the decrease of EICC leads to the decrease of low-347 

salinity water volume from the BoB to region B, while the NMC imports the relatively 348 

high-SSS water from the southern BoB to the west of the region B. On the other hand, 349 

as the eddy pair slowly moves out of region B, the NMC in the west of region B tends 350 

to be stable, and the velocity decreases. The mean flow and perturbation of the SSS 351 

gradient interaction term dominate the change of subsequent horizontal advection, and 352 

the positive horizontal advection peaks in early December and mid-January, 353 

respectively. 354 
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 355 

Figure 6 Time series of components of horizontal advection in three regions along the pathway of 356 

the low-salinity water transport from September 2016 to February 2017. (a) Region A (80° – 83°E, 357 

8° – 15°N); (b) Region B (74° – 82°E, 3 – 8°N); (c) Region C (72° – 77°E, 8° – 10°N). 358 

 359 

The influence of low-salinity waters on the southeast AS (region C) lags far behind 360 

that of region B for about one month. The regional SSS has continued to decrease since 361 

the beginning of December, and it has weakened significantly until the beginning of 362 

January. The negative advection generated by the mean flow and perturbation of the 363 

SSS gradient interaction term continues throughout the winter from November. The 364 

perturbation of flow and SSS gradient interaction term only cause local salinity to 365 
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decrease within December, and changes from negative to positive after January. During 366 

this period, the perturbation of flow and mean salinity gradient interaction term are just 367 

opposite to the perturbation of flow and SSS gradient interaction terms, indicating that 368 

a large amount of low-salinity water is transported northward at the western edge of the 369 

anticyclonic eddy, resulting in SSS gradient opposite to the mean west-north decrease 370 

(Figure 4f-i). The two terms offset each other, contributing little to the horizontal 371 

advection term in region C. The SSS decline is mainly dominated by the mean flow and 372 

perturbation of the SSS gradient interaction term. The analysis of region C indicated 373 

that LH can cause SSS disturbance in the southeast AS, but have little influence on the 374 

northward transport of low-salinity water. The northward mean flow along the coast 375 

dominates the northward transport of low-salinity water (Figure. 4i). 376 

Overall, the horizontal advection in region A is the strongest among the three 377 

regions. Additionally, the perturbation of flow caused by EICC and the related eddies 378 

and their southward low-salinity water transport dominate the low salinity event from 379 

late October to early November. Since the direction of the flow perturbation and the 380 

SSS gradient are consistent with the mean state, the three disturbing terms all contribute 381 

to low-salinity water events. The low-salinity water in region A was transported to 382 

region B after 10 days under the combined influence of three perturbations. The eddy 383 

pair in region B together with the mean flow transports the low-salinity water westward. 384 

Due to the blocking of the Maldives island chain, the eddy pair transports slowly. 385 

Consequently, the low-salinity water in region B does not enter region C until one 386 

month later. The low-salinity water event in region C is dominated by the transport of 387 

mean flow since the influence of the perturbation terms associated with eddy is 388 

weakened by offsetting each other. This further indicates that the intraseasonal variation 389 

of SSS in the south of India is not only caused by the transport of local eddy, but also 390 

the salinity gradient caused by the coastal jet low-salinity transport.  391 

4 Summary and Discussion 392 
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4.1 Summary 393 

 The monsoon heavily influences the North Indian Ocean. The sea surface current 394 

system is complex, and the temporal and spatial differences in evaporation and 395 

precipitation are notable. There is abundant precipitation over BoB during Southwest 396 

Monsoon, and many large rivers of South Asia flow into the northern BoB. In 397 

comparison, the evaporation exceeds the precipitation in the AS throughout the year. 398 

As a result, a large gradient of the SSS appears in the northern Indian Ocean, with the 399 

basin difference larger than 3 psu. To balance the SSS caused by the freshwater flux, 400 

the seasonally reversed current plays an important role in high- and low- SSS exchange 401 

between AS and BoB. During the Southwest Monsoon, the clockwise circulation forms 402 

in the northern Indian Ocean, in which a strong eastward SMC occurs in the south of 403 

India, transporting high-salinity water from the AS into the southcentral BoB. In winter, 404 

low-salinity waters from the northern BoB were transported southward by EICC to the 405 

eastern side of Sri Lanka and then advected westward to the AS by NMC. 406 

The region south of India is a key area for water mass exchange between the two 407 

basins. The analysis of satellite SSS shows that significant intraseasonal variability of 408 

SSS occurs in the south of India, especially in late autumn and early winter. Further 409 

analysis indicates that the most significant SSS decreases occurred in late autumn and 410 

winter of 2016. Meanwhile, an eddy pair developed in the south of India, favoring the 411 

transport of low-salinity water and the SSS intraseasonal variability. 412 

Based on the salinity budget analysis in the regions, including the eastern coast of 413 

India (upstream), south of India (midstream), and the western coast of India 414 

(downstream), along the pathway of low-salinity water transport, the eddy’s role in the 415 

regional SSS variability is revealed. In the eastern coastal region of India, EICC and its 416 

related eddies dominate the low-salinity water transport and the regional intraseasonal 417 

variability of the SSS (Figure 7a). In the south of India, an eddy pair develops with the 418 

NMC with the cyclonic south and the anticyclonic north of the main flow for more than 419 

one month, transporting the low-SSS water into this region and enhancing the 420 

intraseasonal variability of SSS (Figure 7b). Then, the anticyclonic brings the low-421 
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salinity water transported from the northern BoB northward into southeastern AS, 422 

contributing to the SSS decrease. The cyclonic weakens at the east of Maldives island 423 

chain due to the blocking of the topography. 424 

 425 

Figure 7 Schematic diagram of EICC, WICC, NMC, and eddies along India. (a) 2016.10.31；(b) 426 

2016.12.12. The thickness of the line represents the velocity of the current, and the thicker the 427 

line, the greater the velocity. AE: Anticyclonic Eddy; CE: Cyclonic Eddy.  428 

 429 

4.2 Discussion 430 

This paper analyzes the influence of an eddy pair on the low-salinity water 431 

transport from the BoB to the AS during late autumn and earlier winter in 2016. The 432 

results show that significant intraseasonal variability of SSS occurs along the pathway 433 

of the low-salinity water transport, and the coastal jets and the eddies contribute to most 434 

of it. The conditions in the other years also show the important role of the eddy, but 435 

with different strengths and patterns. In the autumn and winter of 2017, there was an 436 

anticyclonic eddy propagating from southeast Sri Lanka to the southeast Arabian Sea 437 

while no cyclonic eddy was generated. The generation and extinction time of eddy pairs 438 

in other years are also different. 439 

The western coast of the BoB is a key area of eddy-current interaction (Chen et al. 440 

2012). Some studies have been conducted on the dynamical mechanism of EICC and 441 

coastal eddies. Yu et al. (1991) suggested that the remote forcing from the equator drove 442 

the semiannual reverse of the upper ocean circulation in the BoB. Model results (Sen 443 

et al. 2022) revealed that wind stress curl plays an important role in the semiannual 444 

reverse of EICC. The remote forcing modulated by equatorial wind anomaly dominates 445 
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the southward transport of EICC. 446 

In addition, the temporal resolution of the sea surface current field is 5 days, while 447 

the temporal resolution of sea surface salinity is daily (8-day moving average). It can 448 

be seen that horizontal advection plays an important role in SSS change, but it cannot 449 

fully explain the higher frequency of SSS variability. This also indicates that 450 

geostrophic current based on the inversion of sea surface height observation cannot 451 

meet the research needs of high-frequency salinity change and cannot estimate the 452 

regional salinity balance well. 453 

 454 

Availability of data and materials 455 

The JPL SMAP Level 3 CAP Sea Surface Salinity Standard Mapped Image 8-Day 456 

Running Mean V5.0 Validated Dataset is accessible from  457 

https://poda-ac.jpl.nasa.gov/dataset/SMAP_JPL_L3_SSS_CAP_8DAY-458 

RUNNINGMEAN_V5. The World Ocean Atlas 2018 dataset is accessible from  459 

https://www.ncei.noaa.gov/access/metadata/landing-460 

page/bin/iso?id=gov.noaa.nodc:NCEI-WOA18. The ocean surface currents dataset is 461 

accessible from http://podaac.jpl.nasa.gov/dataset/OSCA-R_L4_OC_third-deg. The 462 

Sea level dataset is accessible from  463 

https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-level-global?tab=form. 464 

The evaporation and precipitation dataset is accessible from   465 

https://cds.climate.copernicus.eu/cdsapp#!/software/app-c3s-daily-era5-466 

statistics?tab=app. 467 

 468 

Abbreviations 469 

AS: Arabian Sea 470 

ASA: Antenna Scan Angle 471 

BoB: Bay of Bengal 472 

https://poda-ac.jpl.nasa.gov/dataset/SMAP_JPL_L3_SSS_CAP_8DAY-RUNNINGMEAN_V5
https://poda-ac.jpl.nasa.gov/dataset/SMAP_JPL_L3_SSS_CAP_8DAY-RUNNINGMEAN_V5
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.nodc:NCEI-WOA18
https://www.ncei.noaa.gov/access/metadata/landing-page/bin/iso?id=gov.noaa.nodc:NCEI-WOA18
http://podaac.jpl.nasa.gov/dataset/OSCA-R_L4_OC_third-deg
https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-sea-level-global?tab=form
https://cds.climate.copernicus.eu/cdsapp#!/software/app-c3s-daily-era5-statistics?tab=app
https://cds.climate.copernicus.eu/cdsapp#!/software/app-c3s-daily-era5-statistics?tab=app
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C3S: Copernicus Climate Change Service 473 

ECMWF: European Centre for Medium-Range Weather Forecasts 474 

EICC: East Indian Coastal Current 475 

ISO: Intraseasonal Oscillation 476 

ISV: Intraseasonal Variability 477 

JPL: Jet Propulsion Laboratory 478 

LH: Lakshadweep high 479 

MJO: Madden-Julian Oscillation 480 

NASA: National Aeronautics and Space Administration 481 

NCEI: National Oceanographic Data Center 482 

NMC: Northeast Monsoon Current 483 

OSCAR: Ocean Surface Current Analysis Real-time 484 

SLA: Sea Level Anomaly 485 

SMAP: Soil Moisture Active Passive 486 

SMC: Southwest Monsoon Current 487 

SMOS: Soil Moisture and Ocean Salinity 488 

SSS: Sea Surface Salinity 489 

WDS: World Data Service 490 

WOA18: World Ocean Atlas 2018 491 

 492 
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