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Abstract 28 

Per unit area of the tropical Indian Ocean receives the world’s largest tropical ocean rain and 29 

river runoff (RRW). The 3-dimensional spreading of RRW entering the tropical Indian Ocean 30 

and associated salinity and circulation anomalies are explored for 60 years using ocean 31 

reanalysis data tailored to a tracer transport model. Over 60 years, the cumulative impact of 32 

RRW entering the tropical Indian Ocean is to freshen the Indian Ocean basin as large as 2-0.1 33 

p.s.u from the surface to 500m. The RRW has propagated to a vast extent of the Atlantic and 34 

Pacific Oceans via general circulation pathways. A quasi-equilibrium model of accumulation of 35 

RRW over the tropical Indian Ocean suggests that it induces clockwise geostrophic currents 36 

from the Bay of Bengal to the Arabian Sea over 0-500m depths, a net inter-basin transport 37 

tendency of 0.8±0.14 Sv year-1. The study implies that coupled climate models with apparent 38 

precipitation biases may miscalculate such salinity and circulation anomalies due to RRW and 39 

aggravating biases in simulated climate dynamics. 40 

 41 

Key Points: 42 

(1) The spreading of rain and river water (RRW) entering the tropical Indian Ocean for 43 

60 years is identified with a transport model and ocean reanalysis data 44 

(2) In 60 years, the RRW spreads to the vast extent of global oceans, impacting a dilution 45 

in salinity and dynamic heights. 46 

(3) The net effect of RRW is an inter-basin transport tendency of water from the Bay of 47 

Bengal to the Arabian Sea in a clockwise direction (0.8±0.14 Sv year-1) 48 

Keywords 49 

Rain, River runoff, Indian Ocean, Salinity, ocean reanalysis data 50 



Plain Language Summary 51 

The tropical Indian Ocean from 30oE-120oE, 30oS-30oN receives a large amount of rain and 52 

river-runoffs. The study finds out where are these rain and river water (RRW) spreads into the 53 

Indian and global oceans in 60 years of time-scale? It is found that RRW spreads to a large 54 

extent of global oceans as deep as 700m in 60 years of time-scale. The rain and river water 55 

dilutes the salinity of the Indian Ocean and induces circulation due to changes in dynamic 56 

heights. A general tendency of dynamics due to rain and river water in the Indian Ocean is a 57 

clockwise circulation from the Bay of Bengal to the Arabian Sea over 0-500m depths with a net 58 

inter-basin transport tendency ~0.8±0.14  Sv year-1. The coupled climate models with apparent 59 

precipitation biases may miscalculate the salinity and circulation due to RRW. 60 

 61 

 62 
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1. Introduction 74 

Precipitation falling over the tropical Indian Ocean is 515 m year-1 and accounts for 20% 75 

of the global tropical oceanic rain (GPCP, Adler, et al., 2003). The tropical Indian Ocean 76 

occupies 19.2% area of the global tropical oceans. Therefore the net rainwater falling per unit 77 

area over the tropical Indian Ocean is larger than those of the rest of the tropical oceans. A large 78 

amount of rainfall over the tropical Indian Ocean occurs in the eastern part of the basin, which is 79 

part of the Indo-Pacific warm pool marking a sea surface temperature exceeding 28oC, triggering 80 

intense deep and shallow convections (Gadgil et al., 1984). 81 

 82 

Five of the world’s 50 largest rivers, the Brahmaputra, Ganga, Irrawaddy, Godavari, and 83 

Mahanadi, flow into the Bay of Bengal north of 15oN (Sengupta et al., 2006) in addition to other 84 

tributaries and rivers entering the Indian Ocean from the Indian sub-continent and maritime 85 

continents. This intense freshwater influx causes the eastern tropical Indian Ocean to be one of 86 

the less saline regions of the global oceans (Subrahmanyam et al., 2011). The Indonesian 87 

Throughflow (ITF) also contributes to the freshening and warming of the tropical Indian Ocean 88 

(Valsala and Ikeda, 2007, Song et al., 2004, Gorden and Fine, 1996). 89 

 90 

The rain and river water runoff of the tropical Indian Ocean (collectively called RRW) 91 

has a significant influence on the halocline structure of the Indian Ocean (Sengupta et al., 2006). 92 

Once entered, the RRW is transported through the upper ocean due to surface Ekman currents 93 

and monsoon circulation (Talley et al., 2011). Previous studies identified detailed surface 94 

trajectories of river water (entering the north Bay of Bengal) and ITF using apparent freshening 95 

of upper-ocean salinity as a tracer and precipitation-evaporation budget (Sengupta et al., 2006). 96 



They have found that the river water spread through surface ocean following major surface 97 

circulation. ITF water, on the other hand, spreads through three key tributaries, one each at the 98 

surface(0-50), intermediate depths (50-200), and deep ocean (200-500m, Valsala and Ikeda, 99 

2007, Song et al., 2004). A schematic of 3-dimensional trajectories of ITF in the Indian Ocean is 100 

available in Valsala and Ikeda (2007). 101 

 102 

The questions addressed in this study are as follows. (a) What are the pathways of the 103 

tropical Indian Ocean RRW in the Indian Ocean and beyond? (b) What impact it has on salinity 104 

and circulation? Why are these questions important? Firstly, the freshwater entering the tropical 105 

Indian Ocean represents one of the major global oceanic precipitation shares (GPCP, Adler, et 106 

al., 2003). This immense freshwater forcing modifies the Indian Ocean and global ocean salinity, 107 

as evidenced by the circulation. Secondly, we have no clear consensus on the real impact of the 108 

RRW in Indian Ocean salinity apart from those pieces of evidence in the near-surface features as 109 

revealed in direct observations (Subrahmanyam et al., 2011). Thirdly, we also have no clear idea 110 

of the consequence of the RRW in Indian Ocean circulation. Fourthly, RRW was even found to 111 

manifest other biogeochemical cycles (Valsala et al., 2020). For instance, the intense freshwater 112 

forcing is found to be the fundamental reason why southeastern Indian Ocean sea-to-air CO2 flux 113 

variations are dominated by freshwater driven concentration changes in dissolved inorganic 114 

carbon and alkalinity instead of a direct dependency of carbon fluxes to sea surface temperature 115 

as in the eastern tropical Pacific (Valsala et al., 2020). Fifthly, the state-of-the-art coupled 116 

climate models are known to have RRW biases in long-term simulations, which has direct and 117 

obvious impacts on the simulated salinity (Vinayachandran and Nanjundiah, 2009). However, 118 

the effect of this on the general circulation of the ocean is not known. The RRW can induce 119 



freshening anomalies in salinity, modifying the dynamic height and circulation. Therefore, it 120 

warrants a study addressing the above three fundamental questions. 121 

 122 

 The rest of the manuscript is structured as follows. A model, data, and methodology used 123 

are introduced in Section-2. The spreading and impact of RRW entering the tropical Indian 124 

Ocean in salinity and circulation are analyzed in Section-3. A discussion is offered in Section-4 125 

with a conclusion in Section-5. 126 

 127 

2 Model, Data, and Methodology 128 

2.1 Model and Data 129 

An ideal tracer transport model (OTTM) of Valsala et al. (2008) is utilized for this study. 130 

OTTM is an offline tracer transport model driven with pre-determined oceanic currents, 131 

hydrography, and other surface forcing parameters such as momentum, heat, and mass fluxes. A 132 

design, validation of transport, and a wide range of applications of OTTM are reported in many 133 

of the previous studies (Valsala et al., 2008, 2010, 2013). 134 

 135 

OTTM solves the tracer evolution equation for the ocean with prescribed initial and 136 

boundary conditions and with appropriate source/sink functions to suit the application. The 137 

essential input data to simulate OTTM are time-varying ocean fields such as 3-dimensional 138 

currents, temperature, salinity, and 2-dimensional sea surface parameters such as free surface 139 

elevation, incoming shortwave fluxes, outgoing heat fluxes, precipitation, evaporation, and river 140 

runoffs.  These are often derived from any ocean reanalysis data set. We have utilized monthly 141 

data from GFDL ocean reanalysis spanning over 60 years from 1961-2019 for this study (Chang 142 



et al., 2013). The reanalysis data at monthly resolution is interpolated to a model time step of 6-143 

hours. The data is available at 1o x ~1o resolution of longitude versus latitude with global tri-144 

polar grids (grids rotated north of 65oN) with 360 grid points longitudinally and 200 grid points 145 

latitudinally with a telescopic grid of approximately 0.8o resolutions at the equator. It has 50 146 

vertical levels, of which 25 levels are within the upper 250 m of the ocean. The model also 147 

diagnosis the eddy induced transports (Gent and McWilliams, 1990), isopycnal diffusion (Redi, 148 

1982), and vertical surface mixing based on KPP-parameterization (Large et al., 1994). More 149 

details on model design and validations are available in Valsala et al. (2008). 150 

 151 

 In addition to the GFDL reanalysis data used to drive the OTTM, we also utilized the 152 

GLODAPv2 database of CFC-11 concentrations for the model validation purpose (Key et al., 153 

2015). In this case, we have simulated OTTM with surface fluxes of CFC-11 updated with 154 

observed history of atmospheric mole fractions of CFC-11 from 1938-2019 (Montzka et al., 155 

2018). The ocean variables used to run OTTM from 1938-1960 were derived from a monthly 156 

climatology calculated over five years from 1961-1965. The World Ocean Atlas-2013 salinity 157 

and temperature are used for the dynamic height calculations (Locarnini et al., 2013). Sources of 158 

all data are given in the Data Availability section. 159 

 160 

2.2 Methodology 161 

 The purpose of this study is to trace the rain and river water (RRW) that enters the Indian 162 

Ocean between 30oE:120oE and 30oS:30oN. Further, we look for how much this total freshwater 163 

has contributed to the salinity structure and dynamics of the Indian Ocean and the neighboring 164 

regions. 165 



 166 

The precipitation, evaporation, and river runoff (collectively called P-E+R) in the surface 167 

offers a kinematic boundary often expressed as the free surface evolution, 168 

𝜕𝜂𝜕𝑡 =  −∇ 𝑈𝜂 + ∇𝐴ℎ∇𝜂 + [𝑃 − 𝐸 + 𝑅]   (1) 169 

where η is the free-surface height, ∇(𝑈𝜂) is the three-dimensional advection of free surface, Ah is 170 

the diffusion of the free surface, and (P-E+R) is the summation of precipitation, evaporation, and 171 

river runoff expressed in units of velocity. One role of P-E+R (as a source or sink of mass) is to 172 

affect the ocean's barotropic bottom pressure and associated dynamics. The solution to barotropic 173 

pressure gradients is fast-moving waves whose speed is proportional to the square root of the 174 

ocean's total thickness, considered less consequential in a net transport of tracers in the ocean 175 

(Griffies et al., 2005). The other effect of P-E+R is to affect the salinity of the sea and thereby 176 

change the baroclinic pressure and its gradient across large distances via its linkage to dynamic 177 

height. It offers large-scale ocean circulation, contributing to the tracers' net transport in the 178 

ocean (Talley et al., 2011). The purpose of this study is to identify the role of P+R (or, in other 179 

words, RRW) entering the tropical Indian Ocean and quantify its impact on salinity and 180 

baroclinic pressure gradients and associated dynamics of the Indian Ocean and elsewhere. 181 

 182 

 The OTTM is casted in the following manner. The term P-E+R is treated as a source 183 

function (fs) at the surface and traced as an ideal tracer (S) for 60 years from 1961-2019 as 184 

follows: 185 

𝑑𝑆𝑑𝑡 = 𝑓𝑠     (2) 186 

𝑑𝛼𝑑𝑡 = (
1−𝛼𝜏 )𝛾    (3) 187 𝑓𝑠 = Φ𝑠𝛼𝛿   (4) 188 



Φ𝑠 =  𝑃 − 𝐸 + 𝑅    𝑆𝑟𝑒𝑓𝑑𝑧     (5) 189 𝛾 = 1  𝑖𝑓   𝑃 − 𝐸 + 𝑅 >  0     (6) 190 𝛿 = 1   𝑖𝑓   Φ𝑠 𝑆 > 0   (7) 191 𝛿 = 0  𝑖𝑓  Φ𝑠 𝑆 ≤  0   (8)  192 

 193 

Where S is the tracer representing salinity (p.s.u). The operator 
𝑑𝑑𝑡  represents the total derivative, 194 

including the effects of vertical mixing, eddy-induced transport, and isopycnal diffusion. The 195 

right-hand side of Equation-2 represents the surface forcing function fs. The surface forcing is 196 

defined as a combination of three terms, such as the surface freshwater forcing Φs in units of 197 

p.s.u. s-1., a fractional tracer ‘α’ and a Kronecker function ‘δ’ as detailed below.  Sref represents 198 

the reference salinity taken as in-situ salinity at each grid point, coming from the reanalysis data 199 

used to run the model. dz is the thickness of the first layer of the model (i.e., 10 m).  200 

 201 

The notion behind the fs is that it should represent a freshwater forcing to the tracer S 202 

whenever there is a P+R occurring in the surface model grid. However, this precipitated and 203 

runoff water also can re-evaporate, thereby counterbalancing the freshening in the neighboring 204 

grids. To account for that, we need to know the time history of freshwater from the moment it 205 

enters the ocean and its fraction in any given location and time in the future concerning the 206 

background ocean. Therefore an independent fractional tracer α (non-dimensional) is simulated 207 

with a source function regulator set as ‘γ=1’ whenever P-E+R is positive within the domain of 208 

interest (i.e., 30oE:120oE, 30oS:30oN) and as ‘γ=0’ whenever P-E+R is negative. In this case,  209 

with a time scale ‘τ’ (s-1) equal to the model time step, the surface model grid is instantaneously 210 

restored to ‘one’ whenever the P-E+R is found positive. Therefore the ideal tracer α can be 211 



interpreted as the maximum fraction of RRW (of the Indian Ocean) found in the ocean, and α 212 

ranges between 0-1. The other interpretation of α is that the water, once entered the sea, was 213 

never allowed to re-evaporate and freely evolve within the ocean as an ideal tracer. Therefore α 214 

at any location and time gives a maximum probable fraction of RRW of the Indian Ocean spread 215 

across a large extent of the global oceans. It offers a tool to fractionate any grid's total 216 

evaporation to account only for the RRW part that has entered the sea.  217 

 218 

The δ is a Kronecker delta function which is ‘one’ when the combination of  Φs|S| is 219 

positive, else zero, otherwise. This function ensures that if the RRW, which is tagged as ‘S’, is 220 

entirely re-evaporated in any particular grid, the function fs should be switched to zero. The 221 

model is run from 1961-2019 with the initial ocean condition as zero for both S and α. Outputs 222 

are sampled as 10-day averages for further analysis. The model results are presented as the 223 

average of the 2015-2019 period. The mean pattern of S and α in the last five years of the model 224 

output represents the cumulative spread of RRW in the global oceans for 60 years. 225 

 226 

3. Results 227 

3.1 Model CFC-11 inventories and observations 228 

As a validation of transport derived by the OTTM, the following verification is done. 229 

OTTM is used to simulate the history of CFC-11 in the ocean from 1938-2019. The inventories 230 

of average CFC-11 between 1995 and 1997 are used for comparison with observations. This 231 

period represents the maximum CFC-11 observations during the WOCE cruises marking the 232 

large data volume gone into the GLODAPv2 data and the time it matching with the facing out of 233 

global CFC-11 emission according to the Montreal protocol (Montzka et al., 2018). 234 



 235 

 OTTM reproduces realistic inventories of CFC-11 in the ocean as compared to the 236 

observations (Figure 1). The magnitude and pattern of CFC-11 inventory are very well in match 237 

with the observations. In addition to the inventories, the vertical sections of CFC-11 also 238 

compare well with the observations (Figure 1b, c). The north-south section along 90oE and 60oE 239 

are compared with corresponding observations up to a depth of 1200m. There is an excellent 240 

correspondence between observed and model-simulated CFC-11 in the Indian Ocean. The more 241 

in-depth inventories of CFC-11 in the south, shoaling to the north Indian Ocean, and sharp 242 

gradient of CFC-11 fronts between 400-800m, 30oS-10oS, etc., in the model. It is noteworthy that 243 

the comparison is made at 1995-1997. By this time, the model has completed nearly 60 years of 244 

simulation, and yet it has evolved the CFC-11 inventories without any serious diapycnal 245 

diffusion within the ocean (Redi et al., 1982). The accurate depiction of vertical sections of CFC-246 

11 in the model suggests that the vertical surface mixing, ventilation, subduction, and interior 247 

transport pathways are realistically represented in OTTM. The model is suitable for tracer 248 

simulations for 60 years and above with idealized tracer experiments. 249 

  250 

3.2 A 60-year trajectory of freshwater entered the Indian Ocean 251 

 The tracers S and α are evolved as follows. The function fs is applied within a region of 252 

30oE-120oE, 30oS-30oN (hatched area in Figure 1). We begin our analysis by presenting the total 253 

extent of the spread of precipitated and river runoff water entered the Indian Ocean in the last 60 254 

years. Figure 2 shows the fractional tracer α as an average picture produced from 2015-2019 for 255 

four different depths (i.e., surface, 250, 500, and 700 m). The surface and sub-surface pathways 256 



of the freshwater in the Indian Ocean and neighboring region give familiar pictures identified in 257 

earlier studies (Godfrey et al., 1996, Sengupta et al., 2006, Valsala et al., 2008).  258 

 259 

At the surface, the water is spread all over the Indian Ocean with a fraction close to 1. 260 

Outside the tropical Indian Ocean, a part is leaked to the Atlantic via Agulhas leakage (de Ruijter 261 

et al., 1999). The brach supplies to the Atlantic are apparent in the upper 250m. Another branch 262 

supplies water to the Pacific throughout from surface to 700m but with varying intensities. In 60 263 

years, the water precipitated over the Indian Ocean reached as north as 40oN in the Atlantic in 264 

the upper 300 meters. In the Pacific, it is confined to below the 40oS belt and circumnavigates 265 

the southern Oceans. Although the ideal tracer α gave a fairly reasonable idea on how and where 266 

the precipitated and river runoff water that entered the tropical Indian ocean has reached across 267 

the vast extent of the global oceans in 60 years, it is still an idealized scenario with no re-268 

evaporation to those waters is considered once it is entered. Moreover, the quantity varied as a 269 

fraction between 0-1, not as an implication to the ocean's salinity. 270 

 271 

A more realistic picture of the presence of rain and river water entered the tropical Indian 272 

ocean for the past 60 years and its spread in the vast extent of the global ocean, the tracer ‘S’ 273 

measures it as the ‘dilution’ offered by these waters in the unit of salinity (p.s.u., Figure-3). The 274 

scale is varied from 0-2 p.s.u. The positive values, however, should be interpreted as the amount 275 

of salinity ‘dilution’ due to RRW, meaning that, adding this value to the background salinity, one 276 

may get the salinity of the global oceans if rain and river water over the tropical Indian Ocean is 277 

zero for last 60 years. 278 

 279 



Like in the case of α, the tracer ‘S’ has reached the same extent with dilution offered 280 

ranges as narrow as 0.1-0.2 p.s.u. outside the Indian Ocean while maximum dilution offered 281 

ranges as broader as 0.5-2 p.s.u. within the Indian Ocean from the surface to 700m, but with 282 

varying intensities. A contour of 0.2 p.s.u. however, resides well within the proximity of the 283 

Indian Ocean in all depths. We note here that the tracer ‘S’ is allowed with the condition that the 284 

rain and river water enters in the Indian Ocean is allowed to re-evaporate (see Section 2). 285 

Therefore Figure 3 provides the extent, and cumulative magnitude of salinity ‘dilution’ offered 286 

by RRW entered the tropical Indian Ocean in the past 60 years. This information is useful to find 287 

the contribution of this ‘dilution’ in altering the ocean's background salinity and its contribution 288 

to dynamic height and associated circulation. 289 

 290 

3.3 Impact of Indian ocean RRW in Salinity and Circulation 291 

Figure 4 offers a review of Indian Ocean dynamic height (units in dynamic-cm) at the 292 

surface concerning a level of no-motion taken as 1000m and calculated from World Ocean Atlas-293 

2013 (WOA-13) datasets (Locarnini et al., 2013). The surface geostrophic currents (cm s-1) of 294 

the Indian Ocean have strong seasonal dependency due to monsoonal reversals and associated 295 

circulations (Scott and McCreary, 2001). Therefore the dynamic height and currents are depicted 296 

as four seasonal averages. A detailed description of Indian Ocean currents can be found in 297 

Shankar et al. (2002). The geostrophic background currents established are due to a combination 298 

of thermocline undulations, upwelling, downwelling, Ekman convergence, surface heat & 299 

freshwater fluxes, and associated temperature and salinity structure. The purpose of our study is 300 

to find out the role of RRW entering the Indian Ocean and associated changes in salinity, which 301 

potentially contribute to dynamic height and currents. 302 



 303 

To find the global oceans' background salinity if no RRW were entering the Indian 304 

Ocean, we have added the ‘dilution’ of Figure-3 to the 2015-2019 average salinity of the GFDL 305 

reanalysis data (used to run the OTTM) and calculated a dynamic height. It has been contrasted 306 

with the standard and means the dynamic height of 2015-2019 (Figure 5). Both the dynamic 307 

heights are calculated with the level of no-motion taken as 1000m and represented as a dynamic 308 

height difference between surface and 500m to reduce the uncertainty in the assumption of level 309 

no-motion. The associated geostrophic currents are also calculated and represented in Figure-5. 310 

 311 

The significant differences in dynamical topography with and without salinity dilution 312 

due to RRW entered the Indian Ocean for 60 years are as follows. (a) The maximum effect of 313 

RRW is confined within the Bay of Bengal, the southeastern Arabian Sea, and the eastern 314 

equatorial Indian Ocean, where the core of the Indian Ocean RRW resides. (b) In the rest of the 315 

areas, the significant contribution to dynamic topography by RRW is not visible as the 316 

experiment is restricted only to over 60 years of time-scale. (c) The maximum cumulative 317 

dynamic height anomaly over 60 years is between 20-30 dynamic-cm instead of the mean 318 

dynamic topography of 115-130 dynamic-cm (Figure 4, 5). Assuming the mean obtained 319 

between 2015-2019 is a quasi-equilibrium response established over 55 years (from 1961-2015), 320 

an average anomaly of dynamic topography due to RRW is between 0.36-0.55 year-1 (c) The 321 

significant geostrophic currents due to dynamic topography anomalies are as large as 20 cm s-1. 322 

Assuming the mean obtained between 2015-2019 is a quasi-equilibrium response established 323 

over 55 years (from 1961-2015), an average anomaly of geostrophic currents due to RRW is 0.36 324 

cm s-1 year-1. (d) In the south-equatorial Indian Ocean close to the eastern part, an anti-clockwise 325 



loop opposing the south equatorial current (SEC) in the south and the north's equatorial current is 326 

observed. Other features of the currents are negligible in the present analysis, which is indicative 327 

of the net impact of RRW for the 60 years of time-scale. More extended features may reveal if 328 

the simulation extended over centuries of time scale. Nevertheless, the tendency of RRW in 329 

dynamic height and geostrophic currents revealed here only strengthen in a longer time scale 330 

simulation. 331 

 332 

Considering the dominant seasonality in the upper ocean circulation, the impact of RRW 333 

and associated dynamics may expect to have some seasonality. The above analysis is repeated as 334 

the average of four seasons (DJF, MAM, JJAS, and ON, Figure 6). Apart from the minute 335 

changes in the current vectors, the significant features remained the same even in seasonal 336 

averages. The anomalies of dynamic height and currents reported here are established due to a 337 

60-year response of the RRW in the salinity of the Indian Ocean, which is not expected to 338 

change over a short season drastically. Rather they slowly builds-up over time. 339 

 340 

In a cross-section in the southern Bay of Bengal, the net transport from the surface to 341 

500m is about -0.84±0.03 Sv year-1 contributed by the salinity anomalies induced by RRW 342 

alone. Similar transport across a section of the southern Arabian Sea is about 0.85±0.05 Sv year-1 343 

contributed by the salinity anomalies induced by RRW alone. Further, the tracer experiments and 344 

resulting calculations suggest that the role of RRW in the Indian Ocean dynamics, at any given 345 

time, is to induce a clockwise current from the Bay of Bengal to the Arabian Sea. It is well 346 

explainable from the net accumulation of RRW in the Indian Ocean and its impacts on the 347 

underlying salinity and, thereby, the dynamic height. 348 



 349 

Figure 7 shows the vertical sections of cross-geostrophic current anomalies due to salinity 350 

anomaly caused by RRW in 60 years and across various sections in the Indian Ocean. The 351 

maximum geostrophic current anomalies are confined well above 500m. Remember that this is 352 

the cumulative response of salinity by the RRW of 60 years duration. It implies that if the model 353 

experiment is continued to evolve for a longer time scale, the extent and intensity of cumulative 354 

anomaly may increase further. However, the present study can be considered a response 355 

retrieved in 60 years of time scales, which gives the right information on the impact of RRW in 356 

Indian Ocean salinity and dynamics. 357 

 358 

4. Discussions  359 

What are the implications of the result presented here? A primary implication is that we 360 

have demonstrated the potential role of RRW in inducing salinity and circulation anomalies in 361 

the Indian Ocean and surroundings and quantified it as a contribution per year. Secondly, the 362 

results imply that the role of RRW leads to an inter-basin transport tendency of water masses 363 

from the Bay of Bengal to the Arabian Sea over a depth range from the surface to 500m as a 364 

compound impact of all the freshwater entering the tropical Indian Ocean in 60 years of time 365 

scale. This depth and region may expand further if the experiment is continued over centuries. A 366 

coupled climate model, for instance, which has a misrepresentation of Indian Ocean RRW, the 367 

tendency of flow retrieved here (i.e., based on reanalysis ocean data), is expected to vary in a 368 

manner adding a bias to the background circulation (Parekh et al., 2016). The diagnosis used 369 

here, otherwise not achievable with an online model, is useful for identifying the role of a 370 

particular class of freshwater forcing to the salinity and dynamics of the ocean. 371 



 372 

 The experiment allowed the RRW to re-evaporate based on a fraction traced by a separate 373 

ideal tracer α. In this case, the fs is scaled by the value of α, assuming that it is the maximum 374 

probable fraction of RRW present in any model grid at any given time. For example, the 375 

evaporation is ‘e’ ms-1 in a particular grid in the flux forcing region (30oE-120oE, 30oS-30oN) 376 

and α is 0.3 then ‘e’ is scaled-down by 0.3, assuming that the remaining 70% evaporation is 377 

happening from the background water of the ocean (i.e., not from the RRW). In this way, all the 378 

30% of RRW is assumed to evaporate and until it exhaust.   It can be a caveat in the experiment. 379 

A fractionation between re-evaporation of RRW and evaporation of background ocean water 380 

may expect to introduce some errors in the present calculation. Nevertheless, apart from the 381 

magnitude, the mean spreading and RRW impact's tendency is likely similar. 382 

 383 

5. Conclusion 384 

 Using an offline tracer transport model and reanalysis of ocean currents for 60 years, we 385 

have diagnosed the potential role of rain, and river water (RRW) entered in the tropical Indian 386 

Ocean (RRW) in inducing anomalies in salinity and ocean currents. The 60 years of salinity 387 

imprints of Indian Ocean RRW are found across a vast extent in the Atlantic and Pacific and 388 

from the surface to 700m. Within 60 years of the simulation, the cumulative response of RRW in 389 

inducing a significant (above 0.2 p.s.u.) freshening in salinity and dynamic topography is 390 

restricted mostly to the Bay of Bengal, the eastern Arabian Sea, and the eastern equatorial Indian 391 

Ocean. The geostrophic currents offered by RRW freshening in salinity are a clockwise flow and 392 

a tendency for inter-basin water mass transfer from the Bay of Bengal to the Arabian Sea. 393 

Assuming a quasi-equilibrium by the end of 60 years of our experiments, a net transport of –394 



0.84±0.03 Sv year-1 exported out of the Bay of Bengal and 0.85±0.05 Sv year-1 imported to the 395 

Arabian Sea with a westward equatorial branch of 0.46±0.13 Sv year-1. These numbers are 396 

deduced from the five-year mean at the end of our model experiments; however, they are 397 

expected to grow in a longer time scale over centuries or longer time scale. The study gives a 398 

tendency of salinity dilution and associated dynamics in the Indian Ocean due to RRW and has 399 

implications for climate models simulating for a longer time scale with biases in the oceanic 400 

precipitation and river-run offs. 401 
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Figure Captions 580 

Figure 1: (top) CFC-11 inventories simulated by the model (shades) are compared with the 581 

observations (contours) as an average between 1995 and 1997. Units are in picomole m kg-1.  582 

(bottom) Vertical sections of CFC-11 along 90oE and 60oE in the Indian Ocean for the upper 583 

1200m in the model (shades) compared with the corresponding observations (contour). Units are 584 

in picomole kg-1. The hatched area in the top panel shows the region where the RRW entered the 585 

Indian Ocean that is traced in the study. 586 

 587 

Figure 2: The spread of ideal tracer α shown as a mean from 2015-2019. (a, b, c and d) represent 588 

surface, 250, 500, and 700 m, respectively. 589 

 590 

Figure 3: Same as Figure 3 but for S (i.e., dilution of salinity due to RRW). Units are in p.s.u. A 591 

salinity contour 0.1 p.s.u. is overlaid. 592 

 593 

Figure 4: Surface dynamic height of seasonal mean Indian Ocean based on WOA-13 concerning 594 

a level of no motion of 1000m. Units are in dynamic-cm. The corresponding surface geostrophic 595 

currents are overlaid (cm).  Within the proximity of ~ ±5o at the equator, the currents are masked 596 

due to high values of f—1. 597 

 598 

Figure 5: Contribution to the dynamic topography by the salinity anomalies due to the RRW 599 

over the Indian Ocean, expressed as the dynamic height difference between surface and 500m. 600 

The corresponding geostrophic velocity difference between surface and 500m is shown as 601 

vectors (cm s-1).  602 

 603 

Figure 6: Same as Figure 5 but averaged over four different seasons. 604 

 605 

Figure 7: The cumulative geostrophic velocities across three sections as shown in the bottom 606 

panel. (a) a section across the southern part of the Arabian Sea, (b) a section across the southern 607 

part of the Bay of Bengal, and (c) a latitudinal-section cutting along 80oE. Units are in cm s-1. 608 

The boxes' values indicate the volume transport tendency (Sv year-1) due to dynamic topography 609 



anomalies induced by freshening due to RRW over the Indian Ocean across respective cross-610 

sections. 611 
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Figures

Figure 1

(top) CFC-11 inventories simulated by the model (shades) are compared with the observations (contours)
as an average between 1995 and 1997. Units are in picomole m kg-1. (bottom) Vertical sections of CFC-
11 along 90oE and 60oE in the Indian Ocean for the upper 1200m in the model (shades) compared with
the corresponding observations (contour). Units are in picomole kg-1. The hatched area in the top panel
shows the region where the RRW entered the Indian Ocean that is traced in the study. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 2

The spread of ideal tracer α shown as a mean from 2015-2019. (a, b, c and d) represent surface, 250, 500,
and 700 m, respectively. Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.



Figure 3

Same as Figure 3 but for S (i.e., dilution of salinity due to RRW). Units are in p.s.u. A salinity contour 0.1
p.s.u. is overlaid. Note: The designations employed and the presentation of the material on this map do
not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 4

Surface dynamic height of seasonal mean Indian Ocean based on WOA-13 concerning a level of no
motion of 1000m. Units are in dynamic-cm. The corresponding surface geostrophic currents are overlaid
(cm). Within the proximity of ~ ±5o at the equator, the currents are masked due to high values of f—1.
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.



Figure 5

Contribution to the dynamic topography by the salinity anomalies due to the RRW over the Indian Ocean,
expressed as the dynamic height difference between surface and 500m. The corresponding geostrophic
velocity difference between surface and 500m is shown as vectors (cm s-1). Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.



Figure 6

Same as Figure 5 but averaged over four different seasons. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 7

The cumulative geostrophic velocities across three sections as shown in the bottom panel. (a) a section
across the southern part of the Arabian Sea, (b) a section across the southern part of the Bay of Bengal,
and (c) a latitudinal-section cutting along 80oE. Units are in cm s-1. The boxes' values indicate the
volume transport tendency (Sv year-1) due to dynamic topography anomalies induced by freshening due
to RRW over the Indian Ocean across respective cross-sections. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.


