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Abstract 31 

This study uses three simulations (Exp-1,Exp-2 and Exp-3) from a nested basin-scale, 32 

regional, eddy-permitting Indian Ocean model forced with CORE-II inter-annual forcing, to 33 

study the impact of initial and lateral open boundary conditions on Bay of Bengal (BoB) 34 

circulation. It also evaluates the state of art reanalysis products from GODAS,SODA3 and 35 

ORAS5. Sensitivity studies using more realistic initial and lateral boundary conditions 36 

suggest that accurate initial conditions are essential for realistic simulation of the mean and 37 

the variability of temperature and salinity in the upper ocean. We also show that accurate 38 

lateral boundary conditions are also essential for realistic basin-scale simulations for the 39 

upper ocean circulation in the BoB. The model  captured well the observed seasonal and 40 

inter-annual variability of salinity in the BoB. The comparison of surface currents from the 41 

regional simulations and reanalysis products with OSCAR analyses shows Exp-3 (with 42 

improved initial and lateral boudary condition) to be the closest among all three. The summer 43 

monsoon current is also most realistic in Exp-3, while  the realaysis products are unable to 44 

reproduce the  BoB Coastal Current structure and magnitude. This study also reports the first 45 

evidence of a coastally trapped, narrow boundary current at thermocline depth along the 46 

eastern boundary of BoB. The presence of this boundary current is noticed in all three 47 

regional solutions while most prominent in Exp-3 and nearly absent  in the reanalysis 48 

products. The salt transport across 8 °N shows large seasonal and inter-annual variations 49 

during 2003-2009 in the best simulation (Exp-3),with standard deviation ranging between 77-50 

150 psu-m3/s upto 1000 m depth. Apart from summer and winter monsoon periods, which 51 

show the intrusion of salt into BoB from the equatorial Indian Ocean in the upper layers, we 52 

found significant salt transport at deeper depths (300-500 m) as well. The integrated inter-53 

annual variations of the seasonal salt flux at different depths across 8 °N show presence of 54 

strong seasonal cycle in the upper layer (0-200 m). However, the seasonalty shows most 55 

prominent in the upper 50 m. The intra-seasonal variation in the deeper layers are more 56 

prominent as compared to the upper layer. 57 

 58 

 59 
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 62 

1. Introduction 63 

Sea surface salinity (SSS) affects sea water density, which in turn impact ocean 64 

circulation and climate. Subsurface salinity (particularly in the upper ocean up to 200 m) also 65 

controls the density stratification and hence changes in circulation (Capotondi et al., 2012). 66 

Therefore, accurate simulations of SSS and subsurface salinity are essential for a better 67 

understanding of the circulation  in the mixed layer and deeper ocean (Vilard and Delecluse,  68 

1998; Durand et al., 2004). Although recent models have included freshwater forcing,they 69 

have had difficulties in reproducing the observed features of the salinity distribution, 70 

especially in the Bay of Bengal (BoB) and the southeastern Arabian Sea (SEAS) (Han et al., 71 

2001; deBoyer Montegut et al., 2007; Durand et al.,2007; Kurian and Vinaychandran,2007). 72 

The SSS simulation errors are as large as 2-3 psu over northern BoB (Murtugudde and 73 

Busalacchi, 1999; Han et al., 2001; Han and McCreary, 2001; de Boyer Montegut et al., 74 

2007).  75 

Although the upper ocean heat budget studies are available with reasonable accuracy of ~ 76 

10 W/m2 (Bradley et al., 1995), the quantification of salt or equivalently freshwater (FW) 77 

flux is much more difficult than that of heat flux. This is mainly due to the different spatial 78 

scales of the atmospheric input functions, such as solar radiation and precipitation. Over large 79 

oceanic areas, the radiative heating of the ocean during daytime is relatively uniform. On the 80 

other hand, the FW input is closely coupled to the existence of atmospheric convection cells, 81 

which are relatively small in size and irregularly distributed in space, and have no diurnal 82 

signal like the heat flux.   83 

Salinity in the North Indian Ocean (NIO) is strongly influenced by river inflows in BoB, 84 

the influx of low salinity Pacific water throughflow in the Indonesian Archipelogo, and the 85 

inflow of saltier water from the Persian Gulf and Red Sea. BoB also receives a large quantity 86 

of FW from rainfall during the summer monsoon season (June - September). In contrast, 87 

excessive evaporation and uneven distribution of precipitation and river discharge make the 88 

Arabian Sea (AS) saltier than BoB. Under steady state conditions, FW from BoB should be 89 

exported to AS, and salt water from AS to BoB. The inter-ocean exchange and transport of 90 

FW have been studied in detail by Gordon (2001) and Wijffels (2001). Many previous studies 91 

have shown the locations of inter-basin exchange of FW and salt between BoB and AS 92 
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(Nyadjro et al., 2010, 2011; Jensen et al., 2001,2003,2016; Vinayachandran et al., 1999, 93 

2013; Sanchez-Frankset al., 2019; Sheehan at al., 2020). However, the details on the 94 

magnitude of the freshwater transport and its seasonal and inter-annual variability are not as 95 

well known. Recent HYCOM model simulations (Jensen et al., 2016) show a large persistent 96 

flow of high salinity water from the equatorial Indian Ocean into BoB during the northeast 97 

monsoon,but weaker than during the southwest monsoon. Jain et al.,(2017) have shown that 98 

three high-salinity water masses, i.e., Arabian Sea high-salinity Water (ASHSW), Persian 99 

Gulf Water (PGW), and Red Sea Water (RSW) are advected into BoB by the Summer 100 

Monsoon Current (SMC), which is a deep current extending to a depth of about 1000 m 101 

(Vinayachandran et al., 1999,2013; Sanchez-Franks et al., 2019; Sheehan et al., 2020). 102 

Sengupta et al. (2006) have shown that FW from BoB river runoff reaches remote regions of 103 

AS. It also crosses the equator in the eastern BoB and subsequently flows across the southern 104 

tropical Indian Ocean. Several studies also show that low salinity surface water from 105 

northern BoB flows down the east coast of India in October–December through the East 106 

India Coastal Current (EICC, Shetye et al., 1996; Prasanna Kumar et al., 2004; 107 

Gopalakrishna et al., 2005; Rao and Sivakumar, 2003). Modelling experiments show BoB 108 

water enters the tropical Equatorial Indian Ocean (EIO) to the east and south in the second 109 

half of the year, crossing the equator mainly in the east (Jensen, 2003; Miyama et al., 2003). 110 

Using Reanalysis data, Nyadjro et al. (2013) describe near-surface horizontal salt flux in the 111 

Indian Ocean during 1960–2008. Kantha et al. (2008) studied NIO circulation and its 112 

variability, as well as, meridional heat fluxes, using a 0.5-degree resolution numerical 113 

hindcast model, assimilating altimetric and SST data for the years 1993 to 2004. However, 114 

they did not investigate salt fluxes in NIO, because at the study time remotely-sensed SSS 115 

was not yet available for assimilation into the model. The readers are referred to this paper 116 

for a nice summary of NIO circulation and relevant issues. 117 

As explained in the previous section, previous studies have reported that the inter-basin 118 

exchange of subsurface salt transport to and from BoB to SEAS and EIO and vice versa 119 

occurs. However, despite the extensive studies of salt exchange between the two basins, BoB 120 

and AS, on its mean state, its seasonal and inter-annual variability and their frequencies are 121 

not very well known, particularly in the deep ocean. One of the reasons for this is the lack of 122 

realistic simulation of meridional currents in BoB (see Kantha et al., 2008). In this study, to 123 
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overcome this deficiency, we use simulations from a nested Indian Ocean model developed 124 

by Rahaman et al (2014),which show realistic boundary current and FW transport in BoB. 125 

We compare the model simulated currents and salinity with observations. 126 

Modeling the oceanic circulation is made difficult by the wide range of spatial scales 127 

from the Rossby radius of deformation (10 to 50 km) to the basin scales. Global ocean 128 

general circulation models (OGCM) require high spatial resolution to represent geostrophic 129 

eddies, narrow boundary currents, and flows through passages. Available computer resources 130 

often limit the development of high resolution global models to represent all these physical 131 

phenomena. Alternative option is to develop a basin scale, high resolution regional models to 132 

meet this challenge with a reasonable amount of computer resource consumption (Griffies 133 

2009; Treguier et al., 2001). However, to work with a basin scale, regional model, open 134 

boundary conditions (OBCs) must be applied at the lateral open boundaries, which permit 135 

fluxes of mass, heat, momentum into and out of the model domainfrom an outer larger scale 136 

model (e.g., GOCM),often called a parent model. Open boundaries, which naturally occur in 137 

a regional model, are often difficult to handle due to an inherently, mathematically ill-posed 138 

problem at the boundary. The numerical solution near a boundary is always a superposition 139 

of outgoing and incoming waves (as well as scalar and momentum fluxes), which cannot be 140 

separated and there is no universally perfect scheme for open boundary conditions (Stevens, 141 

1991; Griffies, 2009). 142 

Two types of lateral open boundary conditions are used in regional ocean models, which 143 

are generally referred to as "active" or "passive". In the passive type, the OBCs are 144 

determined solely from model solution within the computational domain. On the other hand, 145 

in an "active" type, data are prescribed from an external source (e.g., a larger scale model) to 146 

force the interior solution. Since the behavior of the model interior is rarely consistent with 147 

data prescribed at the boundary, the model may become prone to errors due to under-148 

specification (not enough information describing external processes is provided) or over-149 

specification (OBC information is incompatible with interior state). Reader may refer 150 

Marchesiello et al. (2001) for a thorough discussion of the active versus passive boundaries, 151 

and over vs. under-specification of data. When the interior model solutions are determined 152 

only by the information imposed at the boundaries from outer models,and interior (child) 153 

solutions do not affect the exterior (parent) solutions, it is called one-way nesting. On the 154 
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other hand, if the interior solutions also affect the exterior solutions across the boundaries 155 

between the two, it is called two-way nesting. One way nested models have been developed 156 

with great success, for instance, in the California Current region (Penven et al., 2006) and 157 

Benguela Upwelling area off the coast of Namibia (Hertzfel et al., 2011). Recently, two-way 158 

nesting using finite difference models has gained popularity in refining solution in the 159 

regionaldomain (e.g., Cailleau et al., 2008; Jouanno et al., 2008; Barth et al., 2005; Sheng et 160 

al., 2005). For a detailed review of two-way nesting, readers are referred to Debreu and 161 

Blayo (2008). 162 

One-way nested approach has been adopted in the present study and OBCs are prescribed 163 

from a global model solutions. Flather radiation condition (Flather, 1976) has been used for 164 

the depth averaged normal velocity at the eastern and southern boundary of the Indian Ocean 165 

model. The flow relaxation scheme of Martinsen and Engedahl (1987) has been used for the 166 

temperature and salinity at the boundary. The details of OBCs and other model 167 

configurations  can be found in Rahaman et al. (2014).  168 

For the earth system model’s or climate model’s simulation accuracy, in terms of 169 

hindcast or predictions on different time scales, accurate initiliziation of ocean plays a major 170 

role. The skill of climate system forecasts at the sub-seasonal to seasonal (S2S), seasonal to 171 

inter-annual (S2I) and seasonal to decadal (S2D) scales depends on the oceanic initial 172 

conditions fed into the models, in particular, information on the ocean’s upper thermal and 173 

salinity structure (Alves et al., 2004; Balmaseda et al., 2009,2013,2015; Meehl et al., 2021). 174 

Halliwell et al. (2011) have demonstrated that accurate ocean model initialization with 175 

respect to the upper-ocean temperature and salinity (density) profiles, along with the correct 176 

location of ocean currents and eddies, is the most important factor influencing the accuracy 177 

of SST forecast by an ocean model over the northwest Caribbean Sea and Gulf of Mexico. 178 

Recently Zhu et al. (2019) have shown that the initial condition errors occurring in the Indian 179 

Ocean temperature cause “Spring Predictability Barrier” for El Niño in the Pacific Ocean. 180 

However, to our knowledge no such studies showing the impact of ocean initial condition on 181 

Indian Ocean simulations or forecasts from a  forced ocean model are available. Hence, in 182 

this study, we demonstrate the impact of ocean initial conditions on  BoB simulation. 183 
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In recent times, global reanalyses are available at 1/4 degree resolution based on NEMO 184 

from ECMWF,CMCC etc. and at 1/12 degree resolution from HYCOM consortium and 185 

GLORYS12 reanalysis data set produced by Mercator Ocean International forecasting center ( 186 

Verezemskaya et al., 2021; Lellouche et al., 2018).  187 

 However, assimilation into global models often degrades the circulation features 188 

(Mercator Ocean, 2018). In most of these global models ocean grid generation the bathymetry 189 

is often smoothed to avoid numerical instability. As a result, topography can be too deep near 190 

the coast and narrow channel can be deeper and wider than they should. For example the 191 

bathymetry used in the global model configuration in GODAS opened the Palk Strait and 192 

made it deeper, which is not realistic (Figure 1b). The costal regions also became deeper. 193 

Hence, the costal circulation patterns are not realistically represented in global models. In 194 

this study,we used the modified bathymetry from Sindhu et al. (2007) in the regional model. 195 

Most of the ocean model configurations are based on smoothed  bathymetric data sets like 196 

ETOPO5 and ETOPO2. Sindhu et al. (2007) have shown that these bathymetries are 197 

inaccurate in depths of less than 200 m along the coast of India. They modified  ETOPO 198 

bathymetry along  the Indian Ocean coast by digitizing the depth contours and sounding 199 

depths less than 200 m from the hydrographic charts published by the National Hydrographic 200 

Office, India. In the present study,we used this modified bathymetry (Figure 1a) for the 201 

regional ocean model configuration. The differences near the Indian coast in regional and global  202 

models can be seen in Figures 1a,b. More accurate shallow coastal bathymetry leads to 203 

significantly improved and realistic coastal circulation compared to that from global model 204 

simulations (see the discussions in Section 3.2).  205 

Near the coast,data are often sparse, particularly in a basin like BoB. Due to lack of 206 

observations, often few data are assmilated in a global model. Hence, configuration of a 207 

basin scale model with realistic bathymetry is essential. Recently,Rahaman et al. (2020) have 208 

shown  how the circulation patterns,even in the open ocean, change in the Indian Ocean with 209 

different bathymetries used in a suite of 16 global models. We show here the  improved 210 

circulation features in the regional models as compared to the state-of the-art reanalysis data 211 

from GODAS, SODA3 and ORAS5.   212 

We also show the subsurface salt transport and its interannual variability from BoB to 213 

EIO and vice versa, along with the seasonal and inter-annual variability of salt flux. Section 2 214 
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describes the data sets used in this study and the model configuration. Model results and 215 

discussion are presented in Section3 and finally,summary and conclusions are provided in 216 

Secion 4.  217 

2. Model and data  218 

We have adopted a nested multi-model approach using MOM4p0d/MOM4p1global 219 

Ocean General Circulation Model (OGCM) and a regional model of the Indian Ocean 220 

(Rahaman et al., 2014) based on MOM4p1. The regional model domain covers the Indian 221 

Ocean between 30 °S and 30 °N, and 30 °E and 120 °E, with a uniform horizontal resolution 222 

of 0.25°. There are 50 levels in the vertical with 1 m resolution in the upper 10 m. The 223 

regional model is forced by Coordinated Ocean Reference Experiments (CORE-II) inter-224 

annual data. The global model uses annual river runoff, but the regional model uses seasonal 225 

river runoff (Dia and Trenberth, 2002) distributed over several grid points near the river 226 

mouths into the upper 5 m of the water column. More realistic simulation of north BoB 227 

salinity stratification can be attributed to this refined resolution( ~ 1 meter near the surface ), 228 

more realistic topography, and the inclusion of seasonal river runoff (Rahaman et al., 2014). 229 

The circulation and the wave propagation in the BoB are more realistic in these model 230 

simulations when compared with observations (Rahaman et al., 2014). A detailed description 231 

of the model configuration and validation can be found in Rahaman et al. (2014). 232 

All global OGCMs suffer from excessive thermocline diffusion and hence a deeper 233 

theromocline when compared to observations (Rahaman et al., 2020). This was also the case 234 

in the regional model,which uses initial conditions from MOM4p1 global OGCM (Rahaman 235 

et al., 2014). The problem of the diffuse thermocline is rectified in a data assimilative global 236 

model (Ravichandran et al. 2013; Behringer et al., 2007; Rahaman et al. 2016,2018). The 237 

National Centers for Environmental Prediction (NCEP) and the Indian National Centre for 238 

Ocean Information Services (INCOIS) produce global ocean analyses/reanalysis based on the 239 

Global Ocean Data Assimilation System (GODAS). This system uses a state-of-the-art ocean 240 

general circulation model called modular ocean model (MOM4p0d) and the 3D-Variational 241 

(3DVar) data assimilation technique to assimilate observed temperature and salinity profiles  242 

from in-situ observations (Argo, Buoy,XBT, etc). We used INCOIS-GODAS reanalysis for 243 

the initial and lateral boundary conditions in the Indian Ocean Model for this study. We used 244 
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the same reanalysis products based on MOM4p0d,as in Ravichandran et al. (2013) and 245 

Rahaman et al. (2016). 246 

In this study we demonstrate how the upper ocean simulations improved in a regional 247 

model by initializing with reanalysis data. Also,we show that the improved lateral boundary 248 

conditions also affect the BoB simulation.We performed three Indian Ocean regional model 249 

simulations: (1) Exp-1: Using initial and lateral boundary conditions from 1o MOM4p1 250 

global model (Rahaman et al., 2014); (2) Exp-2: Using initial conditions for 2003 from 251 

INCOIS-GODAS reanalysis (Ravichandran et al. 2013,Rahaman et al. 2016), but lateral 252 

boundary conditions from 1o MOM4p1 global model (Rahaman et al. 2014); (3) Exp-3: 253 

Using both initial and lateral boundary conditions from INCOIS-GODAS reanalysis 254 

(Ravichandran et al., 2013;Rahaman et al., 2016). The details of the boundary conditions 255 

applied can be found in Rahaman et al. (2014). In Exp-1 we used both initial and boundary 256 

condition from MOM4p1 and in Exp-2, we just changed the initial condition of MOM4p1 257 

with GODAS reanalysis, but used same lateral boundary condition of Exp-1, so that 258 

comparison of Exp-1 and Exp-2 will give the impact of initial conditions. In Exp3 we also 259 

replaced the lateral boundary condition with GODAS reanalysis. Hence, comparison of Exp-260 

2 and Exp-3 gives the impact of lateral boundary conditions. 261 

 262 

     Temperature and salinity from ARGO profiling floats were used to ascertain the impact of initial 263 

and boundary conditions on temperature and salinity observed in the regional model. The observed, 264 

gridded subsurface temperature and salinity data from  Coriolis Ocean Dataset for Reanalysis 265 

(CORA) were also used to determine the seasonal and inter-annual variability of temperature and 266 

salinity, and geostrophic currents. The geostrophic currents for both observations and model 267 

simulations were computed using dynamic height. The comparions were then made with the 268 

100-500 m depth-average current. We used the latest version CORA5.2 (Cabanes et al., 269 

2013; Szekely et al., 2019) for this study. The CORA dataset is distributed by Copernicus 270 

Marine and Environment Service (https://resources.marine.copernicus.eu/products). This 271 

dataset used many types of in-situ temperature and salinity measurements with a maximal 272 

sampling, including high frequency profilers (ARGO, CTD), surface and sub-surface time 273 

series (Thermosalinographs and surface drifters). Most of these CORA profiles are collected by 274 

the Coriolis data center. The CORA 5.2 dataset is an incremental version of the previous 275 
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CORA datasets, covering the period 1950 to the present.We also used AVISO monthly 276 

gridded sea level anomaly data to show the presence of eddies in  BoB.   277 

 278 

To evaluate the circulation features of regional model simulations in the BoB, we used 279 

the most recent version of 1/4 degree Ocean Surface Currents Analyses Real-time (OSCAR) 280 

surface currents (Bonjean and Lagerloef, 2002). We also used 1/4 degree Surface Currents 281 

from Diagnostic model (SCUD) based on a simple diagnostic model, which combines 282 

AVISO maps of sea level anomalies and QuikSCAT surface winds and is tuned to best 283 

reproduce trajectories of real drifters, drogued at 15 m depth (Maximenko and Hafner, 2010). 284 

Simple Ocean Data Assimilation ocean/sea ice reanalysis (SODA) is the most widely 285 

used reanalysis data since late 20th century (Carton et al. 2000a,b,2008). Recent SODA 286 

Version 3  release now uses GFDL MOM5/SIS numerics at finer 1/4°x1/4°x50 level resolution 287 

(28 km at the Equator down to <10 km at polar latitudes), similar to the ocean component of 288 

the GFDL CM2.5 coupled climate model, and includes an active sea ice component. The 289 

Optimal Interpolation filter has also been augmented (relative to previous releases) with bias 290 

correction to reduce bias in estimates of long term trends of variables such as heat content 291 

(Carton et al 2018). We used SODA3 to compare the BoB circulation features with IOM 292 

simulations (Exp-1,-2,-3). We also included 1ox1o resolution ORAS5 realysis products 293 

produced by ECMWF usingthe estimates of the state of the global ocean fromthe operational 294 

system OCEAN5 (Zhu et al. 2017,2019).  295 

The general expression for the transport or flux (F) of a property is the integral of the 296 

property (P) times velocity (v) over the area (dA). The area is a cross section, i.e. the width of 297 

the current times its depth. 298 

F = ∫ P*v dA 299 

Here in this study, we used P=S, where S is the salinity in psu. 300 

Finally, a we show the schematic of major currents along the Indian coast during summer 301 

and winter seasons in Figure 1c (adapted from Bharti et al., 2021). 302 

 303 

3. Results and Discussion 304 

3.1 Impact of initial and boundary condition on temperature and salinity  305 
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The temperature and salinity determine the density and hence the ocean structureand 306 

dynamics (Cooper, 1988; Murtugudde and Busalacchi, 1999). Murtugudde and Busalacchi 307 

(1999) have shown that salinity plays an important role in the model dynamics and 308 

theromodynamics. Hence, a realistic model simulated-circulation requires realistic 309 

simulations of ocean mean temperature and salinity and their variability. As discussed in the 310 

previous section,three different experiments are performed to determine the impact of initial 311 

and boundary conditions, using regional model solutions. To see how well the model 312 

simulates temperature and salinity with respect to observations, we have used individual 313 

Argo temperature and salinity profiles,as well as gridded data. Figure 2a shows the upper 314 

ocean mean (2006-2009) collocated and concurrent temperature from the three different 315 

experiments with Argo profiling float observations. The trajectory of the Argo float used for 316 

the co-location can be found in the subset of each panel. The magenta colour profile is from 317 

Exp-1. The cyan-colored profile shows the temperature from Exp-2, which used warm start 318 

(1 January 2003) with initial conditions from GODAS reanalysis and lateral boundary 319 

conditions from the inter-annual global model solutions (1992-2009) based on MOM4p1 320 

(same lateral bondary condition of Exp-1). It can be seen that the large thermocline bias in 321 

the Exp-1(magenta lines) is drastically reduced and the profiles are closer to Argo 322 

observations in Exp-2 (cyan line). It is worth mentioning that for Exp-2, we used GODAS 323 

reanlysis data to initialize, whereas Exp-1 used solutions from a non-data-assimilative global 324 

model (see Rahaman et al., 2014 for details). This demonstrates that better initial conditions 325 

have improved model simulations. Furthermore, when lateral open boundary conditions from 326 

GODAS reanalysis are also used (Exp-3), the simulated temperature (blue line) almost 327 

matches the Argo observation (black line). It is worth mentioning that even 3 years after 328 

initialization, the theromocline is well maintained in the model and it persists even until the 329 

7th year. The 0-500 m depth mean bias in Exp-1 is 2.1 °C, which is reduced to 1.1 °C in Exp-330 

2 and only 0.41 °C in Exp-3.  331 

Figure 2b shows the monthly STD in the upper ocean (0-500 m). Similar results can be 332 

seen in the standard deviation (SD) of temperature as well. The Argo observed variability 333 

(black line) in terms of SD is most accurately captured by Exp-3. The highest observed SD 334 

values of 2.3 °C at 90 m depth is almost reproduced in Exp-3 (2.0 °C, blue line). The 70-110 335 

m depth-averaged STD in Argo observation is 2.2 °C, while it is 1.78 °C,1.79 °C and 1.92° C 336 
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for Exp-1, Exp-2 and Exp-3, respectively. However, the RMSD value increased slightly in 337 

Exp-3(0.85 °C), as compared to Exp-2 (0.81 °C)  and Exp-1(0.78 °C). This slight increase 338 

may be due to the bias present in 2006 in the original GODAS reanalysis data.  339 

The co-located and concurrent mean salinity from the three experiments in the upper 340 

ocean are shown in Figure 2c. The observation (black line) shows salinity increases gradually 341 

in the upper ocean until a depth of 150 m and afterward, it is almost constant. Exp-342 

1(magenta) shows a slight underestimation of salinity in the upper layers (150 m) and a slight 343 

overestimation in the deeper layers (deeper than 150 m) compared to observations. However, 344 

although experiments with GODAS initial as well as boundary conditions (Exp-2 and Exp-3) 345 

show somewhat lower salinity values in the upper ocean (to 150 m), they follow the observed 346 

Argo mean values quite well below 150 m. The freshening in the upper 100 m may be due to 347 

higher vertical resolution of the model. In the upper 100 m, the model has 23 levels , starting 348 

from 0.5 m up to 20 m the resolution is 1-3 m; thereafter it slowly increases to 10 m at 103 m 349 

depth. In contrast, the Argo profiling float has uniform resolution of 5 m in 0-100 m depth 350 

and 10 m between 100-500 m. All the three  experiments miss some of the structure in the 351 

upper 75 m for temperature and salinity when compared with Argo observation. This could 352 

also be due to the refined vertical resultion in the model as compared to Argo observation.  353 

The mean bias in Exp-1 is 0.01 psu which is slightly saltier when compared to Argo 354 

observation. However, with GODAS initial and boundary conditions, it becomes slightly 355 

fresh with mean bias of -0.11 psu and -0.09 psu in Exp-2 and Exp-3, respectively. Salinity 356 

bias in Exp-1 in the thermocline region (150-500 m depth) is ~ 0.08 psu, which is significant 357 

for the spiciness variability. The same for Exp-2 and-3 is ~ -0.01 psu. The spiciness 358 

variability in the thermocline is believed to be an important subsurface ocean process 359 

affecting sea surface temperature (SST) and climate variability over the tropical Indian Ocean 360 

(Li and Wang 2015).  361 

The observed salinity variability represented by the STD is also picked up by all three 362 

experiments and the solutions with GODAS initial and boundary conditions closely follow 363 

the observed variability (Fig.2d). The Argo STD is 0.07 psu, Exp-2 and-3 show 0.09 psu, 364 

which is the closest to the observed value in contrast to Exp-1,which shows slightly higher 365 

STD value of 0.11 psu. The RMSD valueis also lowest in Exp-3 ( 0.09 psu), compared to 366 

Exp-2 (0.1 psu) and Exp-1 (0.12 psu). This is the first co-located and concurrent salinity 367 
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comparison of the impact of initial and lateral boundary conditions in a regional  model 368 

simulations of BoB. Wakelin et al. (2009) have shown the impact of initial and open 369 

boundary conditions for a northeast Atlantic implementation of the Proudman Oceanographic 370 

Laboratory Coastal Ocean Model System (POLCOMS) from WOA observations and two 371 

large scale operational ocean models (Forecasting Ocean Assimilation Model (FOAM), UK 372 

Met. Office and the Navy Coastal Ocean Model (NCOM), US Naval Research Laboratory). 373 

They show that in the shelf region,after 15 months of model integration, the effect ofthe 374 

temperature and salinity initial conditions was negligible, and the model dynamics and 375 

surface forcing play a dominant role. However, in the deep regions, NCOM boundary 376 

conditions resulted in smaller RMS errors in the SST simulations than the FOAM boundary 377 

conditions. These results further confirm the finding in BoB.  378 

In order to see the seasonal behavior of the model solutions, we show the comparison of 379 

seasonal average co-located and concurrent upper ocean temperature from the three 380 

experiments with Argo observation during 2007-2008 (Fig. 3). The trajectory of the Argo 381 

used for the co-location can be found in Figure 3b. On seasonal scale,it also shows similar 382 

results for the mean (Fig. 3a). In the mean plot, the Exp-3 closely follows the Argo 383 

observation,but in 2007-08 there is a slight warm bias in the thermocline in Exp-3 in summer 384 

(July-Aug) and fall (Sept-Oct). It should however be noted that the trajectory of Argo float 385 

was confined to the southwest BoB. In order to see whether the same results hold for the 386 

entire basin as well, we compared the subsurface tempertaure from ORCA5.2 gridded 387 

observations (see Figure 5-7).  388 

Seasonal comparison of subsurface salinity along the Argo trajectory in 2007-2008 are 389 

shown in Figure 4. In contrast to temperature, which shows that the impact of initial and 390 

boundary conditions is uniform in different seasons, the salinity comparison shows the 391 

impact is most prominent during summer and fall. The observed salinity profile is well 392 

reproduced in Exp-2 and Exp-3 during summer and fall, except in the upper ~100 m in which 393 

the model shows fresher values compared to Argo profiling float observation. This could be 394 

due to the higher vertical resolution in model than in Argo observation, same as for the 395 

temperture. During winter and spring, the salinity simulation shows degradation in the 396 

thermocline region in Exp-2 and Exp-3 when compared to Exp-1. The degradation in winter-397 

spring vs summer-fall could be due to the deficiencies in the forcing fields or could be  398 
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related to the model itself and its inability to capture physical processes in Winter-Spring vs 399 

Summer-Fall for 2007-2008. However, below the thermocline, salinity simulations in Exp-2 400 

and Exp-3 are almost reproduced in all seasons.  401 

Seasonal monsoon rain and river runoff create shallow pools of freshwater in the north 402 

BoB in summer (Gopalakrishna et al., 2002; Vinayachandran and Kurian 2007) and autumn. 403 

In-situ observations in the north BoB (Sengupta et al., 2006; Shetye et al., 1996) often show 404 

an intense, shallow halocline at 5–20 m in depth. Our model simulations reproduce this 405 

observed strong salinity stratification inthe upper layers of the northern BoB. However, the 406 

Argo profiling float is unable to capture this due to its coarse vertical resolution (5 m 407 

between 5-100 m ;10 m between 100-500 m  and 25 m between 500-2000 m). Model 408 

reproduced the salinity profiles well,when compared with high vertical resolution,specially 409 

operated individual Argo float data as well as CTD observation (figure not shown).   410 

The comparions above were made with a single profile data. In order to see the 411 

robustness of this comparison, we used the latest gridded subsurface temperature and salinity 412 

observations from CORA5.2. Figure 5 shows comparisons of model-simulated mean 413 

temperature and salinity from the three experiments to CORA5.2 observations in the northern 414 

BoB. Results in the northern BoB are very much similar to those in Figure 2, but the impact 415 

of initial and boundary conditions is more prominent in the temperature fields than in salinity 416 

(Figure 5a,b). GODAS assimilates actual salinity and temperature profiles. We used the 417 

initial condition from 2003. In 2003,the number of salinity profiles over the northern BoB are  418 

fewer than the number of temperature profiles that goes into the GODAS analysis. Hence, the 419 

simulated reanalysis temperature fields are more accurate than the salinity fields. This is 420 

reflected in regional model solutions also. 421 

From Figure 5, it is difficult to judge whether the large warm bias in Exp-1 in 200-800 m 422 

depth is uniform or has interannual variation. Therefore, we present the depth vs time plots of 423 

the difference between the three model simulations and the observed gridded temperature 424 

showing interannual variations over  northern BoB in Figure 6. It can be seen that large warm 425 

bias of ~3 °C in the therocline in Exp-1 is uniform throught the entire time period. This bias 426 

is reduced to ~1 °C in Exp-2 and further to only ~0.5 °C in Exp-3. In all three experiments, 427 

the upper ocean (0-100m) is cooler by ~ 0.5-1 °C. This cooler bias could be due to the biases 428 

in the CORE-II forcing fields used or in accurate mixed layer mixing scheme (Rahaman and 429 
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Ravichandran, 2013; Rahaman et al., 2020). All three experiments show fresher waters in the 430 

upper ocean ( 0-200 m)( Figure 7). The subsurface bias is within +/- 0.1 psu in all these 431 

experiments (Figure 7). As explained above, the improvement in salinity is not as significant 432 

as temperature in Exp-2 and 3. This could again may be due to the salinity bias in the original 433 

GODAS reanalysis data itself or forcing fields or deficiencies in model physics.  434 

It is clear that the salinity bias is the lowest in Exp-3. Therefore, we look further at the 435 

salinity bias in Exp-3 in a smaller region. Figure 8 shows the depth vs. time plots of model 436 

minus observation, averaged over 80-92 °E and in two sections, one over central BoB (12-16 437 

°N :Figure 8a) and another over southern BoB (6-10 °N :Figure 8b) ( see Figure 1a for the 438 

geographical location of these regions). The upper 40 m shows that the model overestimates 439 

salinity by  0.4-0.6 psu in central BoB (Figure 8a). Below this layer model salinity is fresher 440 

by 0.2 psu w.r.t. gridded observations. In the southern BoB, the model shows freshening 441 

compared to observations. Sharma et al. (2010) have reported model simulated SSS with root 442 

mean square error (RMSE) of ~ 0.4 psu when compared with RAMA (Research Moored 443 

Array for African-Asian-Australian Monsoon Analysis and Prediction) buoy observations. 444 

However, their results are from the Equatorial Indian Ocean buoy. This low bias of ~ 0.2-0.6 445 

psu at seasonal and inter-annual time scales has not been reported in any of the earlier model 446 

simulations in the BoB (deBoyer et al. 2007; Sharma et al., 2010; Jensen et al., 2016). 447 

 448 

3.2 Impact of initial and boundary conditions on Bay of Bengal circulation in the 449 

regional model and reanalysis data 450 

As explained in the introduction, the circulation pattern can change with bathymetry 451 

patricularly in the coastal region. In this section, we present BoB circulation features in our 452 

simulations and how they differ from state-of-the-art reanalysis data. We compared the 453 

spatial current patterns from regional model simulations Exp-1,Exp-2 and Exp-3 and from 454 

GODAS,SODA3 and ORAS5 reanalysis data,with the OSCAR and SCUD analysis data. We 455 

also compared model simulated geostrophic currents computed with 100- 500 m temperature 456 

and salinity fields with that of gridded observations. Figure 9 shows the time series of 457 

meridional currents averaged over central and southern BoB. It can be seen that the model 458 

was able to capture the meridional component of geostrophic current quite well (Fig.9a,b). 459 

The hydrographic observations show the east-west salinity gradient during winter time along 460 
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the eastand west coast of India (Shetye et al., 1991a,1996). The model captured this east-west 461 

gradient also with good accuracy (not shown).  462 

The OSCAR analysis is widely used to evaluate the spatial variation of suface currents 463 

from model simulations. It is considered independent observations since as per our 464 

knowledge no reanalysis products with assimilation of current are avalable. We used OSCAR 465 

analysis (Bonjean and Lagerloef, 2002) to evaluate how the modeled currents compared with 466 

observations in the regional models (Exp-1,Exp-2 and Exp-3) and also from recent state-of-467 

the-art reanalysis products from GODAS,SODA3 and ORAS5. We also used another 468 

observation SCUD, which is produced from the combination of geostrophic and Ekman 469 

currents derived from SLA and QuikScat wind observation (Maximenko and Hafner, 2010) 470 

(see Sec2 for more details about the data sets). Figure 10 shows 2003-2009 mean upper 471 

ocean currents (0-30 m) from the three experiments and OSCAR, SCUD analysis and three 472 

reanalysis products i.e., GODAS,SODA3 and ORAS5. The circulation features in both 473 

observed data show similar variations along the east coast of India and southern tip of Sri 474 

Lanka. But theydiffer in circulation features along the west coast of India and eastern BoB. 475 

The EICC structure is very prominent even in the seven year (2003-2009) mean in 476 

observations (Figure 10a,b).The regional models accurately simulate the width of the EICC 477 

structure as seen in the observation. The model currents are in good agreement with the 478 

OSCAR analysis. They are also in good agreement with previously reported model 479 

simulations (Jensen, 1991; Vinaychandran and Yamagata 1998; Vinachandran et al., 2005).  480 

However, the global reanalysis products are unable to reproduce the narrow EICC structure 481 

(Figure 10d,f,h). In Exp-1, the EICC shows weak circulation.With improved initilization in 482 

Exp-2,  its magnitude is enhanced,and further with both updated initilization and boundary 483 

condition in Exp-3, the EICC structure is close to observations (Figure 10a,b,c,e and g). As 484 

explained in the introduction section, without realistic bathymetry represenation in a global 485 

model, the coastal circulation may not be realistic. This can be seen in Figure 10d for 486 

GODAS reanalysis product, which shows strong flow through Palk Straight, whereas in 487 

reality there is no flow (Rao et al. 2011). Figure 11 shows the surface current (0-30 m)  488 

monthly varibility in terms of STD from OSCAR and SCUD analyses, all regional model 489 

simulations and reanalysis products. The two analysis-based observations shows large 490 

variability to the east of Sri Lanka and over  the southern top of India. If we take OSCAR as 491 
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the reference, the regional simulations with updated initial and boundary condition 492 

reproduced the observed spatial variability  most closeast to the obsetrved variability among 493 

all regional simulations (Figure 11a,g). However, all the regional simulations underestimates 494 

the magnitude. Among the realaysis products, GODAS is closer to obsservation but it 495 

overestimates the observed STD over  the southern tip of India.   496 

Accurate seasonal varition of ocean currents are crucial to determining salt balance in   497 

BoB (Nyadjro et al., 2010, 2011; Jensen et al., 2001,2003,2016; Vinayachandran et al., 498 

1999,2013,2018). On the east coast of India during inter-monsson period,a strong costal 499 

current named EICC flows towards the pole (equator) during February-May (October-500 

December) and peaks in April (November) (Shetye et al., 1993,1996 ). Many observational 501 

and modeling studies have reported the transport of low salinity north BoB water by EICC 502 

into the eastern Arabian Sea in October and November. (e.g. Han et al., 2001). This 503 

equatorward (poleward) EICC during November (April) and monsoon currents in the open 504 

ocean are responsible for maintaining the salinity balance in the BoB. As such, accurate 505 

representation of EICC is crucial for the salt balance in the BoB. Global models are unable to 506 

capture this strong, narrow EICC. Hence, we evalauted the surface circulations of regional 507 

model simulations and reanalysis products with analysis based observations (OSCAR and 508 

SUCD). In January, two anti-cyclonic circulations, one over  northwest BoB and another over 509 

southeast BoB prevail within a basin-wide anti-cyclonic gyre. In the southwestern BoB, 510 

along the east coast of Sri Lanka and the southern part of the east coast of India, one can see 511 

the presence of strong, narrow equatorward currents. Just east of this equatorward current, a 512 

strong, broad poleward current is present as part of the basin-wide cyclonic gyre. This 513 

observed circulation pattern is very well reproduced by the regional model simulations 514 

(figure not shown). Figure 12 shows the upper ocean (0 to 30 m) mean (2003-2009) current  515 

for April,representative of spring season from the  regional model simulation i.e.,Exp-1,-2 516 

and -3, and GODAS,SODA3 and ORAS5 reanalysis products. Obsevation shows that at ~ 8 517 

°N, the westward flowing North East Monsoon (NEM) current bifurcates into two branches 518 

when it reaches Sri Lankan coast. The northern branch flows as a strong narrow EICC along 519 

the east coast of the India flowing from 8 °N to 16 °N when it leaves the coast. The other 520 

branch flows towards west around the tip of Sri Lanka. This detachment from coast of EICC 521 

has been reported by Babu et al. (2003). The observed EICC structiure is well reproduced in 522 
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regional model simulations as compared to the reanalysis products. In April, the BoB 523 

circulation pattern shows a single weak gyre with strong EICC as part of it (Shetye et al., 524 

1996). This gyre structure is well reproduced in all the simulations. The northeastward 525 

current at 4 °N along 86-96 °E splits into two at 6 °N which is well reproduced in regional 526 

simulations and GODAS reanalysis but is weak in SODA3.This spliting absent in ORAS5. 527 

GODAS reanlaysis shows unrealistic strong flow throgh Palk Strait north of Sri 528 

Lanka,whereas it is realistic in all other simulations. It is worth mentioning that in many 529 

earlier modelling studies, the Malacca Strait was closed. However, in reality,the Strait,the 530 

world's busiest ship route,with a 25 m deep narrow channel has considerable flow through it 531 

(Daryabor et al., 2016). In the present regional model set up, this channel is kept open with 532 

realistic bathymetry(see Figure 1a). This can be seen in the flow coming from the East China 533 

Sea through the Malacca Strait (Figure 12). 534 

Figure 13 shows the upper ocean (0-30 m)mean current in July. The spatial structure 535 

resembles the monsoon current driven by the southwest monsoon wind. Both observations 536 

show the presence of strong Southwest Monsoon Current (SMC),which flows eastward  537 

below south of India, turns around Sri Lanka  and flows northeastward into the BoB. All 538 

three regional model simulations and reanalysis products were able to capture this SMC. 539 

Over the east of Sri Lanka the magnitude is closest to observation  in Exp-3 , however south 540 

of Sri Lanka SMC magnitude is better represented in Exp-1 as compared to other 541 

experiments. The improvemnet of magnitude from Exp-1 to Exp-3 clearly signifies that the 542 

improved initial and lateral open bounadary conditions improve the SMC simulation. Among 543 

the reanalysis products, GODAS overestimates the current and its direction also 544 

differs,compared to both the observations as well as other simulations. SODA3 shows the 545 

weakest SMC among all. Observation shows that at the height of summer monsoon, there is a 546 

western boundary confluence near 10 °N with the EICC flowing northward to the north of 10 547 

°N and southward south of it (Vinayachandran et al.,1999; Eigeneheer and Quadfasel,2000). 548 

This bifurcation of current near to the coast at about 10 °N is most realistically present in 549 

Exp-3 (Figure 13a,b,e). All the reanalysis products show weaker southward component as 550 

compared to observations (Figure 13a,b,d,f,h). However, in the regional model simulations 551 

with improved initial and lateral bounadry conditions (Exp-3) it is realistic compared to 552 

observations (Figure 13a,e,g). The strong WICC flowing equatorward along the west coast of 553 
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India, driven by strong summer  monsoon wind, is prominently seen in both observations 554 

(Figure 13a,b) (Cutler and Swallow, 1984; Shetye and Shenoi,1988); however they differ in 555 

magnitude. All the simulations are able to reproduce this WICC, but differ in magnitude. 556 

Exp-3 among the regional models and ORAS5 among the reanalysis products are closest to 557 

observations. The circulation in the western BoB and in the Andaman Sea differs 558 

significantly in the regional model simulations and reanalysis products. Over this region, the 559 

two observations shows similar circulation pattern with OSCAR weaker compared to SCUD. 560 

The reanalysis products somewhat match the OSCAR observation. The accurate bathymetry 561 

representation leads to realistic coastal circulation in the regional simulations. The strong 562 

southeastward current at the tip of northern Anadaman Island is present only in the regional 563 

model simulations. This also may be due to topograpy induced enhancement of current 564 

(Gopalakrishnan and Cornuelle, 2019).    565 

All three regional models show broader southwestward currents along 90-98 °E towards 566 

the equator; observations also show this but with much narrower width. Reanalysis products 567 

are close to observations. The southern Bay reflects two different paths, narrow strong 568 

northward current in the western part and a relatively weak broader southward current in the 569 

eastern part.  570 

Figure 14 shows the mean surface currents over the BoB in November. A narrow current 571 

flows from north BoB along the east coast of India and after turning around Sri Lanka, it 572 

reaches till Gujarat Coast with a slightly broader band along the west coast of India. It is 573 

worth  mentioning that the Palk Strait is closed in Exp 1-3.  This narrow modeled current 574 

along the coast is quite realistic in regional models (Exp-1-3) (Figure 14a,c,e,g) when 575 

compared with OSCAR observations. As expected, the reanalysis products are unable to 576 

reproduce the structure and magnitude of equatorward EICC. Wijesekera et al. (2015) have 577 

shown that the tracks of eight drifters deployed east of Sri Lanka and southern BoB between 578 

24 October and 23 December 2013 show a similar narrow current (see their Figure 4). Along 579 

85-90 °E,a strong poleward current can be seen, which extends to northern BoB.  580 

The thermocline temperature and salinity shows large variability in 50 -200 m depth 581 

(Fig.2b,d) and this variability must be reflected in the circulation near thermocline region. 582 

Also the the temperature and salinity gradient is more prominent at 50-200 m depth range 583 

(Fig.2a,c). Hence in order to see the seasonal spatial variation of thermocline current we 584 
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choose 50 - 200 m depth average current. We have shown the mean thermocline current for 585 

April in Figure 15. The circulation pattern in the thermocline resembles the surface 586 

circulation features seen in Figure 12, but is much weaker. The prominent cyclonic and anti-587 

cyclonic eddy structures are seen in the sea level data (Figure 15 b). The geostrophic current 588 

computed with CORA5.2 temperature and salinity data is shown in Figure 15a. Presence of 589 

basin wide prominant anti-cyclonic gyre can be seen, which supports earlier findings (Varkey 590 

et al., 1996). In the spring, the anti-cyclonic circulation seen in southeastern BoB in the 591 

surface current is associated with the presence of anti-cyclonic eddy over this region, which 592 

extends vertically to thermocline depth. This signature can be seen most prominently in the 593 

anti-cyclonic circulation in the thermocline current over this region in the regional 594 

simulations (Figure 15c,e,g). Among the reanalysis products, this anti-cyclonic circulation 595 

can be seen in SODA3 and GODAS, but is almost absent in ORAS5. It is to be noted that 596 

below 200 m,this anticyclonic eddy is absent in all simulations (not shown). This implies that 597 

the vertical extent of anti-cyclonic eddy over southwest BoB is upto the upper thermocline. 598 

The thermocline current structure in the western BoB is different than its surface structure. 599 

Marked differences can be seen in  eastern and southern BoB (Figure 12 and 15). The weak 600 

anti-cyclonic circulation in the southern BoB in the surface current becomes very prominent 601 

at the thermocline depth (Figure 12 and 15). Another feature is the presence of an eastern 602 

boundary current along the coast at thermocline depth, which is completely absent at the 603 

surface. This thermocline current could have been triggered by the propagating coastal 604 

Kelvin waves generated at the eastern Equatorial Indian Ocean by eastward propagating 605 

equatorial Kelvin waves (Rao et al., 2010). Although in this study we did not analyzed the 606 

SLA from these experiments, the SLA from Exp-1 shows clear Kelvin wave propagation(see 607 

Figures 11 and 14 in Rahaman et al., 2014). This coastally trapped thermocline current is not 608 

very prominent in the reanalysis products except GODAS which shows its presence with 609 

broader width (Figure 15d,f,h).  610 

In July, the circulation at thermocline depth in the BoB more or less resembles the mixed 611 

layer current pattern. The boundary currents in  northern BoB and east of Andaman Island are 612 

very prominent in the regional models (Figs. 16c,e,g) but almost absent in the reanalysis 613 

products (Figs.16d,f,h). The northeastward SMC current east of Sri Lanka seen atthe surface 614 

is very strong (~ 70 cm/s) and is also present at the thermocline depth, but with reduced 615 
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speed (~ 25 cm/s). This strong current mostly transports the high salinity water into the BoB 616 

from Arabian Sea via the equatorial Indian Ocean. In November, even at the thermocline 617 

depth, the EICC structure is very prominently seen. But currents in the interior Bay are 618 

different than mixed layer currents (not shown).   619 

 620 

3.3 Salt Transport at 8 °N 621 

The analysis in the previous section shows that the regional simulation in Exp-3 is able to 622 

capture the upper ocean mean and variability of temperature, salinity, and currents with good 623 

accuracy. Now, in this section, we discuss the seasonal and inter-annual salt transport into 624 

and out of BoB. It has been reported in earlier studies that during the summer monsoon the 625 

highly saline AS water intrudes into the south BoB (Schott et al., 1994;Vinaychandran et al., 626 

1999,2013). Recent studies shows that the high salinity water enters the BoB centered 627 

between 75 -130 m depth along  83-90 °E (Sanchez-Franks et al., 2019). Most of the studes 628 

on salt transport into  BoB are concentrated in the upper oceans (0-400 m), Vinayachandran 629 

et al. (1999,2013,2018). However, below 400 m,at what depth it occurs and how much is the 630 

salt flux is not known from previous studies. We have therefore computed the salt transport 631 

along 8 oN upto 2000 m depth,as described in Section 2.  632 

Before computing salt trasport we show the mean and monthly standard deviation  633 

meridional current from all three regional simulations and three reanalysis products along the 634 

8 °N (Figs. 17, 18). Mean meridional current is week below 100 m in all simulations (Fig. 635 

17). All simulations show equatorward (poleward) currents along 80-84 °E (84-88°E) in the 636 

upper 100 m. This structure resembles the EICC and SMC currents, and in ORAS5 the 637 

meridional current speed is stronger as compared to other products. The presence of strong 638 

northward current along 82-84 °E up to~1500 m can be seen in ORAS5. This deeper current 639 

is also present in all regional models, but its magnitude is weak (Fig. 17). The standard 640 

deviation of the meridional current is shown in Figure 18. The variability is large along the 641 

EICC path up to 1500 m depth,with large values near the mixed layer. Regional model 642 

simulations matches ORAS5 STD distribution. The varibility near the surface is also large in 643 

all simulations, but in GODAS its magnitude is too high. It is to be noted that the STD values  644 

along the EICC pathways is larger than its mean for the meridional current ( Figs. 17,18).  645 
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From the above analysis, we can see that regional model simulations with improved 646 

initial and open lateral boundary conditions, i.e., Exp-3, reproduces the temperature, salinity 647 

and circualtion in the BoB with good accuracy. Hence, we used Exp-3 for estimating the salt 648 

trasport into (out) the BoB from Arabian Sea. Figure 19 shows the seasonal average salt 649 

transport in the upper ocean (0-2000 m) across 8 °N. During winter,  southward salt transport 650 

(~ 4 psu-m/s) is observed along 82 °E up to 1000 m depth, with a maximum in the narrow 651 

surface layer (Figure 19a). This southward transport is associated with the EICC which is 652 

most prominent during Nov-Dec. The surface layers of the rest of the basin (82-92 °E) show 653 

northward transport, most prominent in the east of EICC. This result corroborates the 654 

observation-based findings of Wijesekera et al.(2015). It shows that the EICC is 655 

approximately 100 km wide, with speeds exceeding 1 m/s in the upper 75 m and east of the 656 

EICC, a subsurface-intensified, 300 km-wide, northward current is observed, with maximum 657 

speeds as high as 1 m/s between 50 m and 75 m. It is interesting to note that west of 82 °E, 658 

there exists a very thin surface layer that shows southward transport in the mixed layer. In the 659 

upper 100 m below this layer, a band of northward transport in the thermocline region can be 660 

seen. Further below this layer from 100 m depth, a much deeper southward transport can be 661 

seen. The existence of these three narrow currents has been reported in hydrographic 662 

observations by Shetye et al. (1996) (their Figure 13).Wijesekera et al. (2015) with more 663 

recent observations andGordon et al.(2016) using model simulations show that Arabian Sea 664 

water also enters the BoB as a subsurface flow during the northeast monsoon season 665 

(December to March). Both these observational and modelling studies show a persistent 666 

northward flow of high-salinity water (>34.5 psu) found between 82 °E and 85 °E from 667 

December to February (DJF) at 50 m depth. This study shows similar features but it also 668 

shows a subsurface salt flux along 96 °E to 98 °E at 0-50 m depth, which has not been 669 

reported in both these earlier studies (Fig. 19a). This northward trasnport could be due to the 670 

presence of northward current over this region (Fig. 14g). Presence of similar northward 671 

current in May 2016 has been reportted by Webber et al., 2018 ( see their figure 12a) 672 

In spring, large salt flux towards the equator in a narrow band off Sri Lanka is observed 673 

with a peak in the thermocline is observed (~ 8 psu-m/s). This southward salt flux is 674 

associated with the strong narrow southward current observed in the thermocline (Fig. 15g). 675 

East of this southward salt flux, a strong northward salt flux is seen in the thermocline as 676 
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well. Very weak southward transportis seen on the surface (west of 90 °E) and also in the 677 

deeper ocean below 400 m (west of 90 °E) (Figure 19b).    678 

During summer, it can be seen that the core of the salt transport (salt flux ~12 psu-m/s) 679 

lies below the mixed layer at around 50-150 m depth along 84 °E. Earlier studies also 680 

reported salt transport at similar depth and location (Vinayachandran et al. 1999,2013;. 681 

Sanchez-Franks et al. 2019; Sheehan et al.,2020; Jensen et al., 2016). Webber et al. (2018) 682 

reported northward transport ranging between  16.7 and 24.5 Sv during July 2016  using data 683 

from high-resolution in situ measurements along an east–west section at 8 °N in southern 684 

BoB. However, all these studies focused on the upper 250 m. We have found another deeper 685 

path for salt intrusion at 300-1500 m depth along 82 °E ( Figure 19c). This deeper trasport is 686 

associated with the deeper currents presents along the coast. Hydrographic survey showed 687 

the presence of a boundary current EICC between 81°E and 82 °E up to 300 m depth( 688 

Shcherbinin et al., 1979). Further a series of hydrographic surveys (Shetye et al. 1991b, 1993, 689 

1996)  showed that  during  February–May, EICC extends to greater depths than during the 690 

summer-monsoon months of June–August, when the poleward EICC is shallow (∼70 m 691 

deep) (Shetye et al. 1991b,1993,1996). However, the presence of EICC transport to 1000 m 692 

depth was reported by Shetye et al. (1991b). All these observations are north of 10 °N. South 693 

of this, the bathymetry shows a steep slope and a very narow shelf. The well defined strong 694 

current along the east coast of Sri Lanka follows the bathymetry (Rahaman et al. 2014) 695 

It is also observed that during summer, along the coast,salt is transported southward in 696 

the mixed layer. The magnitude of the salt flux is ~ 12 psu-m/s,the same order as subsurface 697 

northward transport. Southward transport is also observed along 88-95 °E in the entire upper 698 

ocean with a core at 96 °E in the upper 100 m. 699 

Significant northward salt transport was also observed during fall in the upper ocean (50-700 

400 m), just below the mixed layer along the coast of Sri Lanka along 82-83 °E (Fig. 19d). 701 

The southward salt flux of ~ 2-6 psu-m/s is observed during fall in a narrow band of 10-20 m 702 

depth and also below 400 m depth along the east coast of Sri Lanka. This southward salt 703 

transport along the east coast of Sri Lanka is seen in all seasons with varying magnitudes, 704 

with a maximum in summer and a minimum in spring in the mixed layer just east of Sri 705 

Lanka. Significantly large salt flux (16 psu-m/s)north of 14 °N can be seen along the east 706 
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coast of India during spring and is associated with the EICC(not shown). The reversal of this 707 

salt transport during fall also has a similar magnitude (salt flux of 16 psu-m/s) (not shown). 708 

 709 

Figure 20 shows the time series of inter-annual variation of depth-integrated salt transport 710 

across 8 °N during 2003-2009. The upper ocean (0-200 m) salt transport shows peak 711 

northward transport during Apri-May and November-December of each year with large inter-712 

annual variability (Figure 20a). It is southward during June-July again with large inter-713 

annulal variations,but  with much reduced magnitude during IOD year 2006. The southward 714 

salt transport during summer monsoon is due to the Ekman transport associated with SMC 715 

(Schott and McCreary, 2001;Vinayachandran et al.. 1999). This southward salt transport is 716 

mainly confined to the Sri Lanka coast and east of 90 °E (Fig.19c). In the upper ocean (0-200 717 

m), salt transport shows very prominent inter-annual variation broadly consists of two peaks, 718 

one in spring and another in autumn (Figure 20a). In the top 1000 m,  there is also a marked 719 

inter-annual variability similar to the top 200 m transport (Figure 20b). Presence of 720 

prominent intra-seasonal variability can be seen when integrating transports over the top 721 

2000 m (or over the full depth)  (Figure 20c,d). This intra-seasonal variability is more active 722 

in some years than others (i.e. it varies inter-annually). The transport for the  entire depth also 723 

shows large inter-annual variability. It is worth mentioning that the full-depth transports are 724 

much weaker than the variability shown for 0-200, 0-1000 and 0-2000 m. The largest variability 725 

is seen for 0-1000 m and the values decrease when the vertical integral covers the top 2000 m (or 726 

the full depth). This suggests a degree of compensation between the variability above and below 727 

1000 m.  Unlike prominant seasonal cycle in upper ocean upto 1000 m depth, transport  upto 728 

deeper depth shows more prominent intra-seasonal componenet as well (Fig. 20c,d). The 729 

reason could be due Eastward-propagating oceanic equatorial Kelvin waves forced by 730 

Madden-Julian Oscillation, observed, using the Argo array of profiling floats (Matthews et 731 

al. 2007),  to extend downward to 1500 m and having larger amplitude than the annual cycle. 732 

They have shown that the amplitude of the deep ocean anomalies is up to six times the 733 

amplitude of the observed annual cycle. It is worth mentioning that when this equatorial 734 

Kelvin wave reaches the  Sumatran Coast, it triggers north ward propagating coastal Kelvin 735 

wave into the Bay of Bengal (Rao et al., 2010). Heywood et al. (1994) have reporthed a 50- 736 

day oscillation in the observed currents down to 3000 m depth in the Indian Ocean, 737 
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consistent with a zonally propagating Rossby wave. However, more detailed analysis is 738 

required to find out the exact reason for the prominent intraseasonal variation of deeper salt 739 

trasport, which is beyond the scope of this study.  740 

 741 

 The upper ocean (0-200 m) seasonal mean salt transport (Table -1) is northward in all 742 

seasons (MAM :72 psu-m3/s, SON:42 psu-m3/s, DJF :12 psu-m3/s), except during the 743 

summer monsoon when it is southward (-99 psu-m3/s). The total depth-integrated transport is 744 

also southward during the monsoon season (JJA: -23 psu-m3/s) and during fall (SON: -17 745 

psu-m3/s). It can be seen that large variability exists in the seasonal transport (Table 1). In all 746 

other seasons, the STD values are much higher in the upper ocean  (0-200 m), compared to 747 

its mean. Other depth-averaged values are similar, except in SON. For example, during 748 

winter (DJF), the transport is southward for January-February of 2004,2005 and 2006, with 749 

the highest(lowest) value of -155 psu-m3/s (-29 psu-m3/s) in January 2004(2005)but 750 

northward in 2003 and 2007. The transport during Spring (MAM) is mostly northward, with 751 

peak values reached in either April or May and with the highest transport (300 psu-m3/s) in 752 

May 2004. However,in some years, the transport is southward, also with a peak value of 120 753 

psu-m3/s in March 2006. The mean Fall transport is also northward, with a southward 754 

transport in either September or October with a large inter-annual variation. November 755 

transport is northward in all years with a range of 30-309 psu-m3/s. The mean depth-averaged 756 

transport is however southward during Fall. 757 

In order to see transport variability with depth we show Hovmollar ( depth vs time) plot in 758 

the upper ocean (0-500 m) in Figure 21. A strong seasonal salt transport confined up to 50 m 759 

depth can be seen. As shown in the time series plots during winter (summer) the strong 760 

northward (southward)  transport is confined upto 50 m depth. The contribution in the strong 761 

nortward transport during April-May as shown in Figure 20a is mostly from 50 -150 m 762 

depths.  763 

 764 

4. Summary and Conclusions 765 

Accurate initial and lateral boundary conditions are essential for realistic simulations of 766 

the water mass structure and currents in any regional ocean model. One way nesting of the 767 

regional model with a global model is one of the techniques to overcome the lateral boundary 768 
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condition issue. We have demonstrated this by performing three experiments using a nested 769 

Indian Ocean regional model (see details about the model configuration in Rahaman et al., 770 

2014). We performed three experiments in Exp-1 we used initial and lateral boundary 771 

conditions from the original nested global model. In Exp-2 we used initial conditions from 772 

INCOIS-GODAS reanalysis, but lateral boundary conditions were the  same as Exp-1 and, 773 

finally in Exp-3 we used both initial and lateral boundary conditions from INCOIS-GODAS 774 

reanalysis. 775 

Of the three experiments (Exp-1,Exp-2 and Exp-3) we conducted, the one with accurate 776 

initial and lateral boundary conditions (Exp-3) provided the best agreement of temperature 777 

and salinity fields with co-located and concurrent Argo profiling floats observations. The 778 

mean and variability in terms of standard deviation of the upper ocean temperature and 779 

salinity are drastically improved in Exp-3.The mean bias of 3-4 °C in Exp-1 in the 780 

thermocline is reduced to 1.5 -2 °C in Exp-2 and furthermore to 0.5 -1.5 °C in Exp-3.  781 

Similarly, the upper ocean (0-500 m) mean bias in Exp-1 is 2.1 °C, which reduced to 1.1 °C 782 

in Exp-2 and only 0.41 °C in Exp-3. The mean salinity bias in Exp-1 is 0.01 psu, which is 783 

slight saltier compared to Argo observationsbecome slight fresh with mean bias of -0.11 psu 784 

and -0.09 psu in Exp-2 and Exp-3 respectively. Comparison with gridded salinity and 785 

temperature observations also shows similar improvement in the BoB.  786 

Needless to say, that in addition to accurate water mass structure, another prerequisite for 787 

accurate simulations of narrow, energetic coastal currents is high horizontal spatial resolution 788 

in the model, coupled with correspondingly accurate bathymetry. We compared surface 789 

currents from all three simulations (Exp-1,Exp-2, and Exp-3) and three reanalysis products 790 

(GODAS,SODA3 and ORAS5). We used OSCAR analysis, which is widely used for the 791 

surface current variability and model evaluation studies, as a reference and also another 792 

analysis product SCUD. The mean spatial pattern of surface currents in the regional model 793 

simulations are more realistic than reanalysis products (GODAS,SODA3 and ORAS5), when 794 

compared with OSCAR and SCUD observations. In all reanalysis products, boundary 795 

currents (EICC and WICC) are weak and wide compared to OSCAR and SCUD 796 

observations, whereas in the regional model simulations, they are more realistically 797 

reproduced.Of all the three simulations, Exp-3 provides the best simulation of coastal 798 

currents in BoB, as suggested by good agreement of meridional currents in central and 799 
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southern BoB with the geostrophic currents computed with temperature and salinity 800 

computed from CORA5.2 observations and Exp-3 simulations. The spatial pattern of 801 

monthly variability (standard deviation) is also captured by all regional simulations but is 802 

most realistic in Exp-3,compared to reanalysis products (GODAS, SODA3 and ORAS5). 803 

Summer Monsoon Current (SMC), which is the key circulation feature through which the 804 

salty Arabian Sea water mass enters BoB and maintains salt balance in the BoB (Jensen, 805 

2011; Vinayachandran et al., 2013) is most realistic in Exp-2 and Exp-3,when compared with 806 

OSCAR and SCUD. Reanalysis products capture the observed spatial structure but they 807 

underestimate SMC speed. 808 

We found the effect of improvement in temperature and salinity at the thermocline depth 809 

in the thermocline current as well. The presence of anti-cyclonic gyre associated with the 810 

warm core anti-cyclonic eddy in western BoB off the east coast of India is most prominent in  811 

Exp-2 and Exp -3. The geostrophic current also shows the presence of this anti-cyclonic 812 

eddy.This anti-cyclonic eddy is absent in ORAS5 probably due to its coarse resolution (1 813 

degree). Its presence is seen in SODA3 and GODAS but with weak circulation. We also 814 

discovered a narrow band of coastal currents flowing along the east coast of BoB during 815 

spring and summer at the thermocline depth. In April, thermocline currents reveal a narrow 816 

band of poleward currents along the north and east coast of BoB possibly driven by coastal 817 

Kelvin wave. This boundary current is most defined in Exp-2 and Exp-3 and weaker in Exp-818 

1. GODAS and ORAS5 reanalysis products also show the presence of this but is completely 819 

absent in SODA3. This boundary current changes its direction towards the equator in July 820 

and again only prominently seen in regional simulations and absent in reanalysis products. In 821 

all regional simulations, it appears as a loop current present in almost the entire BoB along its 822 

boundary except for a small stretch of southwest BoB. It is worth mentioning that the 823 

coastally trapped Kelvin wave is well reproduced in Exp-1 (see more details in Rahaman et 824 

al. 2014). Along 94 °E and 12-16 °N, a narrow current enters Andaman Sea from northern 825 

BoB. Kiran (2017) has shown the presence of a strong flow through a shallow (250 m) 826 

channel named Preparis Channel (PC), which separates South Myanmar from North 827 

Andaman. The strong current in the regional simulations is due to realistic bathymetry and is 828 

absent in all reanalysis products. The regional simulations also show strong flow out of 829 

Andaman Sea along 93 °E centered at 10 °N towards equator. This flow is also present only 830 



 

28 

 

in the regional simulations. This also may be due to the realistic representation of ten degree 831 

channel in the regional model which is 600 m deep and lies between Little Andaman and Car 832 

Nicobar (Kiran 2017). As expected, the reanalysis products do not show this flow. In many 833 

earlier studies, it has been shown that 8 °N is the gateway to BoB basin. The SMC is an 834 

eastward jet along 8 °N between 85 and 92 °E present during the SW monsoon and peak 835 

velocity can exceed 1.5 m s−1. Associated with this SMC northward transport has been 836 

estimated to be in the range 10–27 Sv (1Sv ≡ 106 m3 s−1), (Wijesekera et al. 2016; 837 

Vinayachandran et al. 1999; Webber et al. 2018). This estimation has uncertainty and is an 838 

overestimate due to the presence of recirculation (Cherian et al. 2020). 839 

Accurate simulation of currents in the water column, especially the narrow, energetic 840 

coastal currents, results in better estimation of salt transport into and out of BoB. We found 841 

that apart from summer and inter-monsoon, significant salt transport also occurs in Spring 842 

and Fall particularly near the coast of Sri Lanka. This study also found that during the peak 843 

of summer, significant salt transport into the BoB occurs across 8 oN in the 300-1500 m layer 844 

depth. The salt transport during the monsoon season shows a core along 84 °E with peak 845 

values of ~8 psu-m3/s just below the mixed layer (50-200 m). The upper ocean depth-846 

averaged (0-200 m) salt transport shows prominent seasonal cycle with large inter-annual 847 

variability, with peak northward transports occurs during spring (Apr-May) and early winter 848 

(Nov-Dec). However, during the summer monsoon it is southward. Most prominent transport 849 

is confined to 50 m depth. In the deeper layers, apart from seasonal cycle, intra-seasonal 850 

cycle also is prominent upto 2000 m and at all depths.  851 

We hope that these new findings, such as the narrow band of coastal currents along the 852 

east coast of India at the thermocline depth and salt transport below 250 m depth may 853 

provide new insights into the understanding of BoB circulation and its role in better 854 

predictions of the Indian summer Monsoon. 855 
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Table 1.The upper ocean (0-200 m) seasonal mean salt transport and its standard deviation 1231 

(in psu-m3/s). Positive (negative) values indicate northward (southward) transport. 1232 
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 1244 
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 1248 

 1249 
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 1251 

  Winter(DJF) Spring (MAM)  Summer(JJA) Fall(SON) 

 
Mean  

 

STD 

 

Mean  

 

STD 

 

Mean  

 

STD 

 

Mean  

 

STD 

 

0-200 m 12 114 72 109 -99 72 42 108 

0-1000m -3 150 114 135 -55 102 92 77 

0-2000 m 34 118 61 92 7 66 27 79 

Entire depth  4.0 35 5 31 -23 42 -17 35 
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Figures 1252 

 1253 

       (c) 1254 

 1255 

Figure 1.Bathymetry used in (a) regional simulations and (b) GODAS reanalysis. Notice the 1256 

unrealistic water column depths in the coastal regions in the latter; (c) Schematic illustration 1257 

of major currents along the Indian coast(green color for the summer season and orange for 1258 

the winter season) – West India Coastal Current (WICC), Lakshadweep Low (LL), 1259 

Lakshadweep High (LH), South-West Monsoon Current (SMC), North-East Monsoon 1260 

Current (NMC), SLD (Sri Lanka Dome) and East India Coastal Current (EICC).   WICC and 1261 

EICC occur in both monsoons but differ in direction as indicated by the colored arrows. 1262 
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Schematic adapted from Figure 1 of Bharti et al.(2021). The boxes (R1-Central Bay of 1263 

Bengal : 80-92o E, 12-16oN ; R2- Southern Bay of Bengal-80-92o E, 6-10 oN) given in figure 1264 

1a are used to generate figure 8 and 9.  1265 

 1266 

 1267 

  (a)                                                                           (b)                                     1268 

 1269 

  (c)                                                                           (d)                                     1270 

 1271 

Figure 2. Model simulated temperature comparison with co-located and concurrent Argo 1272 

profiling float observations over BoB: (a) Mean and (b) Standard Deviation for 2006-2009. 1273 

Model simulated salinity comparison with collocated and concurrent Argo profiling float 1274 

observations over the south Bay of Bengal: (c) Mean and (d) Standard Deviation for 2006-1275 

2009. The trajectory of the float is shown in the insets.  1276 

 1277 
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 1278 

Figure 3.Comparison of seasonal model-simulated temperature with the co-located and 1279 

concurrent Argo profiling float observation over southern BoB for 2007-2008.  The trajectory 1280 

of the float is shown in the inset of upper right hand panel.  1281 

 1282 

 1283 
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 1284 

Figure 4.  As in Figure 3, but for salinity.  1285 

 1286 

 1287 

 1288 

 1289 
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 1290 

Figure 5.Comparison of model simulated mean temperature and salinity for 2003-2009 from 1291 

the three experiments with gridded observation (CORA5.2) over northern BoB: (a) 1292 

temperature and (b) Salinity.   1293 

 1294 
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 1295 

Figure 6. Depth vs time plots of the differences in temperature between the three simulations 1296 

(Exp-1, -2, -3) and the observed gridded temperature over northern BoB.   1297 
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 1298 

 1299 

Figure 7. As in Figure 6, but for salinity. 1300 

 1301 

 1302 

 1303 
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    (a) 1304 

 1305 

   (b) 1306 

 1307 

Figure 8. Depth vs. time plots of salinity bias in Exp-3 with respect to gridded observations 1308 

(CORA5.2) averaged over 80-92 o E in the upper ocean over BoB: (a) 12-16 oN, (b) 6-10 oN. 1309 

( see the regions given as R1  and R2 for (a) and (b)  in Figure 1a).  1310 

. 1311 

 1312 
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 1313 

 1314 

Figure 9. Geostrophic Currents (100 - 500 m) computed from Exp-3 model simulation 1315 

compared to those from observed ORCA5.2 temperature and salinity fields over (a) Central 1316 

BoB and (b) Southern BoB ( see the regions given as R1  and R2 for (a) and (b)  in Figure 1317 

1a).  1318 

.  1319 

 1320 
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 1321 

Figure 10. Model-simulated upper ocean (0-30 m) currents compared with OSCAR, SCUD, 1322 

GODAS, SODA and ORAS5 for 2003-2009. The basin averaged current speeds (m/s) are 1323 

shown in each panel.   1324 



 

52 

 

 1325 

Figure 11: STD of model simulated upper ocean (0-30 m) currents compared with STD of 1326 

OSCAR,SCUD, GODAS, SODA and ORAS5 values for 2003-2009. The basin averaged 1327 

STD values (m/s) are shown in each panel.   1328 

 1329 
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 1330 

Figure 12.As in Figure 10, but for 2003-2009 April climatology. 1331 

 1332 

 1333 
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 1334 

Figure 13.As in Figure 10, but for 2003-2009 July climatology. 1335 

 1336 

 1337 
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 1338 

Figure 14.As in Figure 10, but for 2003-2009 November climatology. 1339 

 1340 

 1341 
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 1342 

Figure 15. (a) April Geostrophic current  climatology (2003-2009) computed with CORA 5.2 1343 

gridded temperature and salinity data. (b) Sea level anomaly from AVISO observation.  1344 

Model-simulated thermocline (50-200 m) currents for 2003-2009 April climatology in BoB 1345 

from Exp-1 (c), Exp-2 (e) and Exp-3 (g), GODAS (d), SODA (f) and ORAS5 (h) values. The 1346 

basin-averaged mean values (m/s) are shown in each panel.  The red contours in panels c,e 1347 

and g are SLA also shown in panel (b).  1348 

 1349 
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 1350 

 1351 

Figure 16.As in Figure 15, but for July climatology 1352 
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 1353 

Figure 17. Mean meridional current along 8 oN for 2003-2009,from Exp-1 (a),Exp -2 (c) ,Exp 1354 

-3 (e) and GODAS (b) ,SODA3 (d) and ORAS5 (f). 1355 
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Figure 18.As in Figure 17, but for STD of meridional currents. 1357 
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 1359 

Figure 19.  Seasonal mean salt flux (psu-m/s) along 8 °N for 2003-2009 in: (a) Winter, (b) 1360 

Spring, (c) Summer, and (d) Fall.  1361 

 1362 

 1363 



 

61 

 

 1364 

 1365 

Figure 20.  Time series of depth-integrated seasonal salt transport (in psu-m3/s) along 8 °N 1366 

for2003-2009: (a) 0-200 m , (b) 0-1000 m  (c) 0- 2000 m and, (d) all depth .  1367 
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Figure 21: Depth vs. time Hovmollar plot of salt transport (in psu-m/s) along 8 oN. 1370 
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