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Abstract: We developed a coupled 3-D physical-biogeochemical model for the Bay of Bengal (BoB) to simulate the seasonal 

variation of plankton dynamics to freshwater forcing using Regional Ocean Modeling System. Satellite-derived chlorophyll 

concentrations are assimilated using the OA method and SOR algorithm for the model input. To better understand the response of 

plankton dynamics to freshwater forcing two numerical experiments are conducted: 1) model run with freshwater discharges and 

applied physical-biogeochemical properties as Exp1; 2) model run without freshwater discharge but applying same 

physical-biogeochemical properties as Exp2. Intensification of bloom is marked on the western coast of the BoB during 

August-September due to increased nutrient supply from runoff apart from wind-driven upwelling, whereas in the eastern coast, two 

peaks of plankton biomass are observed in March followed by September. However, seasonal offshore plankton biomasses observed 

in the open and southern part of the BoB are potentially to linked with upwelling, entrainment-detrainment events and advection 

processes. Sensitivity experiments are also performed based on Exp1, by doubling the freshwater discharge in Exp1-FDD, which 

increased the bloom biomass by 60-65 percent; halved in Exp1-FDH reduced the bloom biomass by 25-15 percent signifies that the 

freshwater plays a dominant role along the coast but nonlinearly related to plankton dynamics. 
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1. Introduction  

The Bay of Bengal (BoB) is a semi-enclosed basin 

(Fig. 1a) partly joined to the Pacific Ocean and the 

South China Sea through the Malacca Strait and 

Australasian seaways in the east, the Arabian Sea in 

the southwest and the Indian Ocean in the south. The 

Hooghly estuary in the north and other significant 

estuaries along the coast of the BoB are noteworthy 

for their biophysical exchanges. The distinctive 

biophysical features of BoB and seasonal variability 

have led researchers to study and explore new findings 

in this region. 

One of the major characteristic features of the BoB 

is the enormous freshwater influx (Fig. 1b) that it 

receives from the river systems [1]. Further, heavy 
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rainfall [2] makes the upper layers of the northern 

BoB comparatively less saline than the southern part. 

The northern BoB also experiences high SST in 

summer which makes the area highly stratified [3]. 

The seasonal circulation patterns of the BoB are 

enforced by remote effects from the Indian Ocean 

along with the monsoonal winds, and freshwater 

influxes. These exert strong influence on the surface 

water circulation and stratification with the intention 

of suppressing the turbulent mixing between surface 

and cold nutrient-rich subsurface layers [4]. 

Scientific studies mainly focused on the northern 

and western part of BoB [5, 6] which are dominated 

by stratification and detailed how physical processes 

such as alongshore currents and eddies are able to 

erode these stratified layers, upwell significant amount 

of nutrients responsible for blooming in these regions. 

However, the northeastern and eastern coast of BoB 

with largest freshwater fluxes are not much explored  
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Fig. 1  The map of Bay of Bengal (a) with bathymetry in 

meters. The domain is divided into Box A and Box B for 

further analysis and filled colored circles denote the river 

discharge point sources along the coast; the orange solid 

transect line A1A2 (in west coast) and B1B2 (in east coast) 

illustrates the vertical distribution of chlorophyll 

concentration in August; (b) the colored lines matching the 

colored circles along the coast shown above represents the 

monthly discharge rate. The names of the rivers are listed in 

Table 1. 
 

Table 1  List of rivers included in the model domain. 

Rivers                                     Names 

R1 River Krishna 

R2 River Godavari 

R3 River Mahanadi  

R4 River Hooghly 

R5 River Ganga  

R6 River Brahmaputra  

R7 River Meghna  

R8 River Irrawaddy  

R9 River Salween 

 

in previous studies. The remotely sensed chlorophyll 

concentration data derived from Sea-viewing Wide 

Field of view Sensor (SeaWiFS) had been studied [7-9] 

to hotspot areas rich in chlorophyll concentration. It 

has been observed that high chlorophyll concentration 

of more than 1.6 mg/m3 persist along the southeastern 

part of Sri Lanka dome during July-August. The 

mechanism that thrives the bloom is the open ocean 

upwelling driven by Ekman Pumping Velocity (EPV) 

apart from the wind, earth’s rotation along with 

small-scale cyclonic eddies which dominate these 

regions. A quality study has been done using Ocean 

Color Monitor images [10] to demonstrate the impact 

of cyclonic scale gyre on the growth of bloom in the 

vicinity of the cyclonic track off the coast of Orissa 

after the super cyclone in 1999. 

Fewer studies [11, 12] exist with limited sampling 

which addressed the biogeochemical fluxes on a 

regional scale however, the phytoplankton 

productivity and its seasonal dynamics are not clear, 

and the overall information available remains skimpy. 

However, these studies focused more on the open 

ocean rather than on coastal dynamics. The coastal 

dynamic is quite complex with shallow water depth, 

and freshwater plume cascades with salinity gradients 

predominate the upper layers. The mixing processes 

are also regulated by seasonal wind and earth’s 

rotation apart from tides and freshwater fluxes. Now 

the questions arise how these freshwater fluxes along 

with intricate coastal processes control the bloom 

dynamics regionally. These issues remain poorly 

understood along the east and west coast of the BoB 

and thus necessary to study. 

The prime objective of this work is to understand 

the consequences of freshwater fluxes on the 

seasonality of planktons along the coastal sides of the 

BoB. As the freshwater discharge rate is distinct in 

western and eastern coast of BoB, so we have divided 

the BoB into two boxes as illustrated in Fig. 1a. Box 

A represents west coast of BoB and Box B signifies 

the east shore of BoB.  

This paper emphasized not only on the coastal 

circulation and physical processes controlling the 

bloom intensification but also on the freshwater fluxes 

that determines the spatial and temporal variability of 

plankton distribution in these coasts. Numerical 

simulations are carried out by coupling hydrodynamic 

model with the biogeochemical model, along with 

coastal current and applied freshwater forcing in 
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Experiment-1 (Exp1) to analyze the seasonality of 

bloom; and in Experiment-2 (Exp2), the same coupled 

model is used but without freshwater forcing. 

Depending on the potency of the monthly discharge 

rate of rivers, two more sensitivity experiments are 

performed. 

2. Data and Methodology 

2.1 Datasets 

We used climatological monthly mean SeaWiFS 

Level 31 chlorophyll data (for the period of January 

2001 to December 2010). The data gaps are 

assimilated using OA method and SOR algorithm as 

the initial condition for the model. These 

satellite-borne sensor data are the derived geophysical 

variables binned/mapped to a standardized space/time 

range from different time scales and designed to 

convey collectively global ocean biological dataset 

[13]. The principal aim is to measure chlorophyll 

concentration produced by marine microscopic plants 

that are phytoplankton. Further, World Ocean Atlas 

2013 (WOA13) dataset are used as initial condition 

for temperature [14], salinity [15], and nitrate [16]. 

Monthly climatology of SSHA and currents are used 

from Topography Experiment/Poseidon (TOPEX). 

The climatological freshwater discharge rates as 

shown in Fig. 1b (river names are listed in Table 1 and 

the corresponding location is shown in Fig. 1a) are 

included in the model. The highest freshwater 

discharge rate is from River Brahmaputra followed by 

River Ganga and River Irrawaddy. The monthly mean 

freshwater discharge rate is obtained by averaging the 

available monthly runoff over the years from the 

Global Runoff Data Center [17], Global River 

Discharge Database [18]. However, due to limited 

data, the freshwater flux of Rivers Salween and 

Meghna are accrued from survey study [19]. The 

average value of freshwater discharge for the River 

Hooghly [20, 21] is generally more than 3000 m3s-1 

during the southwest monsoon. 

 
1 http://oceancolor.gsfc.nasa.gov/. 

2.2 Model Configuration 

The 3-D hydrodynamic model is coupled with a 

four-compartment biogeochemical model using 

Regional Ocean Modeling System (ROMS). ROMS is 

based on hydrodynamic free-surface terrain-following 

[22, 23] primitive equations. These equations are 

calculated based on the Boussinesq approximation and 

hydrostatic vertical momentum equilibrium in a 

geocentric rotating frame. The hydrodynamics of the 

model has been extensively validated with the 

satellite-borne sensor data [24]. The four-compartment 

(nitrate as N, phytoplankton as P, zooplankton as Z 

and detritus as D) biogeochemical model is based on 

[25, 26]. The governing interaction is kept simpler 

among the biogeochemical tracers in this 

biogeochemical model. The equations for the 

four-compartment biogeochemical model (Fig. 2) can 

be represented as follows. 
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Fig. 2  Schematic diagram of the four compartment 

biogeochemical model used to study the pelagic ecosystem of 

the Bay of Bengal. 

1.40 0.136 ,s q = +
            (9) 

( ) ( )exp ,S w c CE z E z I z  = − +       (10) 

The biogeochemical (Bi) tracer in Eq. (1) varies 

with time. The diffusion factor is defined as A, and the 

velocity vector is represented as V. The production 

minus consumption is denoted as Mi. In Eq. (2), the M 

term for the phytoplankton is expressed in 

mathematical form. The terms μp and μz stands for 

maximum growth rates of P and Z respectively and 

depends on temperature (q10) as specified in Eq. (7). 

The initial slope of the P-E curve is denoted as α. Here, 

η and ω are P mortality and aggregation rate constant 

respectively. The term E is the photosynthetically 

active radiation (PAR) expressed in equations 8 to 10 

where the term IC(z) represents the depth-integrated 

chlorophyll concentration. Overall, the four terms on 

the right-hand side of the Eq. (2) represents 

phytoplankton growth term, mortality rate term, 

aggregation time, and zooplankton grazing. The ratio 

of chlorophyll to phytoplankton is represented as Q, 

and the time-rate change of Q depends on the 

availability N and light as expressed in equation 3. In 

the equation, ∆Q = QL-QH, where QL is the maximum 

Q ratio for a low light condition and QH is the 

minimum Q ratio for a high light condition. κc and κw 

are the light attenuation values for the chlorophyll and 

water. In Eq. (4), the MZ term for zooplankton 

includes assimilation and two removal expressions for 

Z mortality. However, λ and γ are grazing constant 

and grazing loss term respectively. The MD term in Eq. 

(5) used for detritus contains source term for P 

aggregation, the expression for grazing loss, the rate 

for Z mortality and removal rate for D 

remineralization. The rate of remineralization constant 

for D is denoted as δ. The MN term for nitrate in Eq. (6) 

calculates all remineralization value and the removal 

by P uptake. The linear and quadratic Z mortality rate 

constant are represented as n1 and n2 respectively. 

However, ε1 and ε2 are the part of linear and quadratic 

rate of Z loss respectively that converts to D. At the 

sea surface, solar irradiance (ES) is calculated in 

equation 8 and r denotes the cloud coverage term. The 

solar constant is defined as E0, and the varying 

distance of sun and earth as ρ, moreover θ as the 

zenith angle, q as the term for specific humidity. 

The model set up for the BoB extends from 76E to 

100E and 4N to 24N with a horizontal resolution of 

10 km and 32 terrain-following vertical levels. The 

stretching parameters of the model s = 7.0 and b = 

0.1 are assigned for finer simulation. The bathymetry 

of the BoB has been extracted from the ETOPO2 

dataset which is 2-min topography data [27]. The 

model inputs are interpolated using OA and 

assimilated using SOR algorithm and incorporated 

into the model. For the model simulation, advection of 

Bi tracers is estimated by the upstream differencing 

method to control on the production of negative 

concentrations in areas of extreme gradients. The 

horizontal diffusivity for the biogeochemical tracers is 

defined in Eq. (1). The PAR calculation is dependent 

on zenith angle and carried out at each grid for every 

time step. 

2.3 Experimental Design 

In this paper, first two experiments are performed 

by simulating the coupled numerical model to 

investigate the predominant role of freshwater forcing 

on the plankton dynamics. In the first Experiment 

(Exp1), hydrodynamics coupled with biogeochemical 

processes including river discharges; in the second 
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Experiment (Exp2), hydrodynamics coupled with 

biogeochemical processes without river discharge are 

simulated. Further sensitivity experiments are 

performed by doubling (Exp1-FDD) and halved 

(Exp1-FDH) the freshwater discharges to understand 

the significant role of the freshwater on blooming. 

2.4 SOR Algorithm 

The successive over-relaxation (SOR) algorithm is 

an assimilation method used to resolve the set of 

linear equations, extrapolation derivative of the 

Gauss-Seidel scheme [28] to prepare the synoptic 

initial condition. This extrapolation factor is a 

weighted mean between the preceding value and the 

calculated Gauss-Seidel value to iterate consecutively 

for the entire component, here X signifies a 

Gauss-Seidel iterate plus the extrapolation factor. The 

method decides on a value for ω that will accelerate 

the rate of convergence of iterated to the result. SOR 

algorithm can be written as follows. 

( ) ( ) ( 1)(1 ) ,
NN N

ii iX X X  −= + −        (11) 

2.5 OA Interpolation 

The Objective Analysis (OA) technique [29] is an 

interpolation technique which is used to obtain a 

regular gridded field from the scattered observations. 

This approach has been used here to develop a 

high-resolution climatology dataset for chlorophyll, 

nutrients, temperature, salinity and currents for the 

BoB which helps in analyzing the new features in 

comparison to the Levitus climatology and SODA. 

This new climatology data provides us high resolution 

and good quality data for all standard depth levels. To 

prepare a synoptic initial condition, this method was 

carried out with the in-situ profiles, satellite OCM and 

with the NCEP monthly mean. OA interpolate the 

fields to the model grid by keeping the dynamical 

feature information intact and combining the satellite 

and observed data in an optimal statistical way, which 

improves its results compared to the direct 

interpolation method. 

2.6 Skill Assessment 

This method [30] measures the model’s 

accurateness. Based on the agreement between 

observations and model simulated results, a predictive 

capability is employed. It is defined as follows. 
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where, X is the compared variable,  is its mean, and 

the integer N is the total number of measurements. 

2.7 Brief Description of Mixing scheme 

The implementation of river point sources in these 

studies will help in understanding the influence of 

freshwater fluxes on the biophysical processes. The 

vertical mixing in the model is defined by the k- 

turbulence closure scheme coupled with a stability 

function formula. The quadratic bottom friction is also 

included in the momentum equation. The parabolic 

spline method is applied for the vertical derivatives in 

the numerical simulation. To damp the numerical 

unsteadiness, the background simulation is directed 

with horizontal Laplacian diffusion with horizontal 

assimilation of tracers along the geopotential surfaces. 

3. Results and Discussion 

3.1 Model Simulated Results and Comparison 

In this section of the paper, we compared the model 

simulated results with the observations. The 

seasonality of plankton dynamics is affected by 

complex hydrodynamics in BoB. We ran the model 

for the whole domain but downscaled the simulated 

results into two boxes which include the area of 

freshwater plumes with a width of 100 to 200 km 

from the coast. Box A represents the west coast of 

BoB which is influenced by intricate coastal dynamics, 

small scale eddies, and the Western Boundary 

Currents (WBC). Box B is notable for high freshwater 

discharge, strong estuarine circulation, boundary 
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currents and high stratification. Therefore, these boxes 

contribute significant amount of seasonal bloom. 

Besides, these physical processes prevailing in the 

north, the southern BoB is influenced by momentous 

water mass exchanges with the Arabian Sea and the 

Indian Ocean from the south and with the Pacific 

Ocean and the South China Sea via Malacca Strait 

from the southeast. Therefore, the coupled model is 

first validated with the remote sensing data for the 

physical processes that are linked to influence 

plankton dynamics and then biogeochemical aspects 

of the BoB are compared. 

The modeled Sea Surface Height Anomalies 

(SSHA) is compared with TOPEX, Sea Surface 

Temperature (SST) with Advanced Very High 

Resolution Radiometer (AVHRR), Mixed Layer 

Depth (MLD) and 20C isotherm depth (D20) with 

Array of Real-time Geostrophic Oceanography 

(ARGO). 

The correlation coefficient comparison map for SST 

shows higher coefficient on the western side of BoB 

compared to the eastern BoB (Fig. 3a). Moreover, the 

correlation value of SSHA is in good agreement along 

the coast compared to the central BoB (Fig. 3c) 

whereas for MLD (Fig. 3e) and D20 (Fig. 3g) the 

correlation value is higher on the northern and 

southern BoB. The correlations with the observations 

are above 0.9 for SST, 0.76 for MLD and above 0.5 

for SSHA and D20. The comparison showed 

reasonable correlations between modeled outputs and 

observations, and thus ascertained that the model is 

capable of simulating the observed seasonal 

variability. 

The model skill assessment map for SST showed 

good agreement with AVHRR and the mean skill 

calculated for the whole domain is 0.94 (Fig. 3b). The 

model skill map for SSHA showed good score at the 

west coast, however, there are some areas with less 

score which indicates that eddies are not produced at 

the exact location as of the observation (Fig. 3d). The 

model skill for MLD over the domain showed good 

accord, and the mean skill is 0.80 (Fig. 3f) however, 

for the D20 the model scored better at the west coast 

compared to the rest part of the basin (Fig. 3h). To 

produce a statistical summary, the mean value of 

correlation and skill are also compared in the Taylor 

diagram (Fig. 4). 

These systematic model-data comparisons 

determined how well the model replicates the different 

physical aspects of the observed variability. 

Further, model simulated surface currents (Fig. 5) 

with varying SSHA revealed the formation of two 

anticyclonic eddies with two distinct nuclei on the 

western side of BoB along with the formation of WBC 

during March. SSHA derived from TOPEX along 

with geostrophic current also shows good agreement 

with the model and distinguishable two anticyclonic 

eddies in March. On the western coast of BoB, the 

downwelling zones are identified illustrating positive 

SSHA which is mainly due to strong negative wind 

stress curl in these regions. In the month of August, 

four cyclonic eddies are identified from the model 

simulation. The location of these cyclonic eddies are 

approximately centered at 83.42E, 16.25N; 85.6E, 

18.12N; 88.71E, 18.25N; and 92.3E, 17.65N (Fig. 

5). From the SSHA illustration, the upwelled water 

moving along the coast are distinguishable in both 

model and TOPEX. The anticyclonic eddy centered at 

the western boundary of BoB shifts northward. This 

shifting reduces the water mass transportation to some 

extent towards the north. The modeled SSHA can 

detect the upwelled water associated with the cyclonic 

eddy at the mouth of Rivers Krishna and Godavari in 

August. However, the cyclonic eddy formed at the 

mouth of River Mahanadi is weaker compared to the 

above described eddies. From the model simulation, it 

is also observed that a cyclonic gyre prevails in the 

northern BoB whereas an anticyclonic gyre in the 

southern BoB. The eastern boundary currents are 

associated with small scale cyclonic eddies near the 

mouth of River Irrawaddy approximately centered at 

95.41E, 14.01N and 97.12E, 10.83N respectively. 
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Fig. 3  The correlation map for (a) SST, (c) SSHA, (e) MLD, and (g) D20. The skill map for (b) SST, (d) SSHA, (f) MLD, and (h) 

D20. The mean values of the correlation coefficient and skill assessment are calculated and included inside each box. 
 

 
Fig. 4  Normalized Taylor diagram for model simulated 

SSHA, SST, MLD and D20. 

In November, the cyclonic eddy approximately 

centered at 82.11E, 9.71N towards the northeast of 

Sri-Lanka dome, elongates to make the East India 

Coastal Current (EICC) stronger and flow 

continuously along the western boundary of BoB. The 

model simulated EICC flowing southward along the 

coast with a positive SSHA is also observed from 

TOPEX. The strong upwelled water along the western 

boundary of BoB is depicted both in model simulation 

and TOPEX. However, the eastern boundary current is 

found not along the coastline but shifted towards the 

Andaman and Nicobar Islands due to the subsistence 

of few significant anticyclonic eddies with positive 

SSHA observed from the simulation and TOPEX. 
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Fig. 5  Monthly climatology of surface currents (vectors) and SSHA (color shaded) for March, August, November from the 

model simulations (left panel) and TOPEX (right panel). 
 

3.2 Seasonal Variation of Plankton Dynamics 

The model generates intense bloom patches around 

the nearshore upwelling coastal regions of the BoB 

(Fig. 6). The model simulated chlorophyll 

concentration is compared with the ten-year monthly 

mean SeaWiFS chlorophyll surface data. The RMSE 

calculated (in Table 2) between the SeaWiFS and 

model simulated chlorophyll concentration shows 

reasonable agreement. The skill assessment values 

calculated for the months March, August and 

November are 0.78, 0.70 and 0.84 respectively. 

Therefore, the modeled chlorophyll concentration is in 

good agreement with the SeaWiFS data. However, in 

the model simulation, over-predicted blooms are 

observed along the coastal shelf which may results 

from high nutrient discharge from river runoff as 

observed in August-September and/or coastal 

upwelling leading to increased nutrient in the upper 

layers supporting the growth of bloom. Another 

possible reason for the less skill assessment values in 

August is due to the lack of SeaWiFS chlorophyll data 

near the coast and open sea which is caused as a result 

of monsoonal cloud cover. On the other hand, 
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observed data are inadequate near the coast to provide 

a concrete explanation for the hypothesis. However, 

the annual mean RMSE calculated between SeaWiFS 

data and modeled chlorophyll concentration for the 

BoB is 0.42 which signifies the model output is in 

good agreement with the observed data. Furthermore, 

box-wise detailed RMSE comparison is done in Table 

2. The onset of blooming time in the BoB differs from 

east to west. The squat values of chlorophyll 

concentration are found in the open ocean. Along the 

coast, complex dynamics such as riverine-coastal 

circulation enhances the bloom. It is found that the 

eddy like structure generated near the freshwater 

discharge point is associated with nutrient enriched 

cool waters. The area along the coast towards the head 

of the BoB is pre-dominated with high chlorophyll 

concentration bloom (above 2 mg/m3) due to the 

coastal upwelling. The maximum blooms are oomph 

by high nitrate associated with coastal upwelling 

along with proper light conditions. Even though we 

studied all the months, however, in this paper, 

seasonal variability in March, August, and November 

are highlighted due to the unique coastal dynamics 

influencing the bloom. 
 

 
Fig. 6  Monthly mean of surface chlorophyll concentration for March, August, and November from model simulation (left 

panel) and SeaWiFS (right panel). 
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Table 2  Comparison of RMSE calculated. 

Box-wise 

Obs vs Exp-1 

(Chloro-phyll in 

mg/m3) 

Obs vs Exp-1 

(Nitrate in 

µmol/l) 

Exp-1 vs Exp-2 

(Chloro-phyll in 

mg/m3) 

Exp-1 vs 

Exp-2 

(Nitrate in 

µmol/l) 

Exp-1 vs Exp-2 

(Zoo-plankton in mg/m3) 

Box A 0.08 0.05 0.07 0.05 0.06 

Box B 0.08 0.07 0.07 0.08 0.04 

 

Apart from analyzing the whole domain, box-wise 

illustration further distinguishes the seasonal variation 

of chlorophyll (Fig. 7) and nitrate concentration (Fig. 

8) between the two coasts. Both observed and 

modeled monthly mean surface chlorophyll 

concentration showed similar trend during 

February-March-April, in Box B (Fig. 7b) and almost 

twice the concentration in Box A (Fig. 7a). A peak 

chlorophyll concentration is observed in Box A during 

September with a slight deviation (model 

over-predicted value). However, two peaks of 

chlorophyll concentration are observed in Box B, one 

at March and another in September. Therefore, 

comparing the two boxes, it can be revealed that the 

bloom intensifies in March followed by September 

along the eastern coast of BoB whereas at west coast 

high bloom predominates in August-September. 

However, both the boxes showed a low concentration 

of chlorophyll during May-June. Also the modeled 

surface nitrate concentrations of the two boxes are 

compared with WOA13. In Box A (Fig. 8a), a peak is 

noticed in September whereas in Box B (Fig. 8b) two 

peaks are observed during March and September with 

a maximum value of nitrate in September. These high 

values of nitrate are observed along the east coast 

where discharges from the Rivers Ganga, 

Brahmaputra, Meghna and Irrawaddy are large. Fig. 

7a and 8a depicts how the nitrate is used up by 

planktons in March leading to increased bloom. In the 

western coast of BoB, apart from freshwater fluxes, 

WBC plays a significant role in the transport of nitrate 

to the upper surface from nitracline (sub-surface 

layers) and is consistent with survey [6]. This strong 

WBC flow northward and extends up to 20N and 

then becomes weak due to the distance between the 

two anticyclonic eddies. These physical processes 

play an important role in the blooming time which 

differs among the coasts.  

The blooming time varies from west to east in the 

BoB. In March-April, the western BoB is associated 

with anticyclonic eddies making it downwelling zones 

and the low freshwater discharge explained that the 

phytoplankton bloom is limited by nitrate. On the 

northeastern and eastern coast of BoB, the onset of 

summer phytoplankton bloom is noticed. An increased 

level of bloom is observed near the mouth of Rivers 

Ganga-Brahmaputra-Meghna and Irrawaddy-Salween. 

These inferred that freshwater fluxes associated with 

nutrients thrives the onset of blooming in this region. 

However, the growth of phytoplankton bloom in this 

region is limited by the availability of nitrate. During 

the southwest monsoon, particularly in 

August-September, peaks of phytoplankton bloom are 

observed in both the Boxes A and B. During this 

season, the blooming is limited mainly by light. In 

August, both the coasts are dominated by cyclonic 

eddies and high freshwater fluxes; however, the 

western BoB (Box A) is mostly influenced by strong 

cyclonic eddies and eastern BoB (Box B) by massive 

freshwater fluxes. These cyclonic eddies increased the 

rate of supply of nutrient from subsurface nutricline 

layers to the upper layers of sea surface by eroding the 

stratified layers especially in the northern BoB. 

Surface and subsurface mixing further enhanced the 

blooming. 

In Box B, the cyclonic gyre formed at the mouth of 

Rivers Irrawaddy-Salween gaggled the subsurface 

nutrient-rich cooler waters to the surface layers. The 

cyclonic gyre associated with few more cyclonic 

eddies moving northwards further influence these 
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physical processes. In the vicinity of the 

Ganga-Brahmaputra-Meghna deltaic zone, the 

stratification is eroded by upwelling which is induced 

by strong monsoonal wind. In November, the Box B is 

predominated by anticyclonic eddies with currents 

flowing northward and then advected towards the Box 

A. The cyclonic eddies prevailed in Box A along with 

strong EICC flowing southward transported upwelled 

nutrient-rich waters to the surface layers thereby 

enhancing phytoplankton bloom. 
 

(a) (b)

 
Fig. 7  Monthly comparison of surface chlorophyll concentration (mg/m3) between the model and SeaWiFS for (a) Box A and 

(b) Box B. 
 

(a) (b)

 
Fig. 8  Monthly comparison of surface nitrate (µmol/l) between the model and WOA13 for (a) Box A and (b) Box B. 

 

3.3 Sensitivity Analysis 

Sensitivity experiments are carried out to determine 

the potency of the freshwater fluxes on the growth of 

planktons by varying the discharge rates. Results 

illustrated in Fig. 7 and 8 are considered as Exp1 (the 

control run). Based on control run, Exp2 is simulated 

without river discharge considering other physical and 

biogeochemical conditions same as Exp1. 

From the Fig. 9a, it is observed that the bloom peak 

(Exp2) gets retarded from August compared to Exp1. 

However, in Box B [Fig. 9b], the two phytoplankton 

peaks (Exp2) deterred in March and October 

compared to Exp1. 

The seasonal variation of surface nitrate in Exp2 

(Fig. 10) follows the similar trend as Exp1 with a 

maximum deviation observed in July and September. 

Model-model comparison of zooplankton 

concentration (Fig. 11) is also revealed. Zooplankton 

concentration is found to be quite retarded in Box A 

during August-September which explains that the 

growth is dependent on nutrients and also influenced 

by freshwater fluxes. In addition, the grazing rate is 

also dependent on the phytoplankton growth rate. 

Model simulated zooplankton distribution (Exp1) is 

high at the western coast of the BoB in 

August-September and also in the vicinity of the 

coastal areas with high freshwater discharges and well 

matched with the existing study [31, 32]. However, in 

Box B, the zooplankton growth peaks in March (both 

for Exp1 and Exp2) and October (Exp1). 

However, further sensitivity experiments are 

conducted based on Exp1 by doubling the freshwater 
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discharge (Exp1-FDD) and halved the discharge rate 

(Exp1-FDH). The annual mean of chlorophyll 

concentration calculated (Table 3) based on Exp1 with 

doubling the freshwater discharge rate (Exp1-FDD) 

showed that the intensification of bloom increased by 

60 percent in Box B and 65 percent in Box A. Again, 

based on Exp1, the model simulation with 50 percent 

reduced freshwater discharge rate (Exp1-FDH) 

showed reduced bloom growth by 25 percent in Box B 

and 15 percent in Box A. The experimental results 

suggested that the freshwater plays a dominant role 

but nonlinearly related to plankton growth. In Table 3, 

the freshwater discharges are denoted as FD. 

 

(a) (b)

 
Fig. 9  Monthly model-model comparison of surface chlorophyll concentration (in mg/m3) for (a) Box A and (b) Box B.  

 

(a) (b)

 
Fig. 10  Monthly model-model comparison of surface nitrate concentration (in µmol/l) for (a) Box A and (b) Box B.  

 

(a) (b)

 
Fig. 11  Monthly model-model comparison of surface zooplankton concentration (in mg/m3) for (a) Box A and (b) Box B. 
 

Table 3  Model sensitivity experiments performed 

Experiment Description of Experiments Performed Annual mean (Chlorophyll in mg/m3) 

Box A Exp1 Model simulation with observed FD for Box A 0.76 

Box A Exp1-FDD Model simulation with doubled FD for Box A 1.25 

Box A Exp1-FDH Model simulation with halved FD for Box A 0.65 

Box B Exp1 Model simulation with observed FD for Box B 1.09 

Box B Exp1-FDD Model simulation with doubled FD for Box B 1.74 

Box B Exp1-FDH Model simulation with halved FD for Box B 0.81 
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A1 A2 B1 B2

(a) (b)

 
Fig. 12  Vertical section of chlorophyll concentration (in mg/m3) along the transect (a) A1A2 and (b) B1B2 in August. 

 

4. Conclusions 

The model simulated seasonal variations of 

chlorophyll concentrations in BoB reasonably 

reproduces similar patterns with the remotely sensed 

SeaWiFS data. The hydrodynamics of the model are 

also thoroughly validated with the satellite-borne data. 

Though the simulated results can resolve most of the 

known biophysical response of the BoB in reasonable 

agreement with the earlier study [33, 34] and remotely 

sensed data, however, some new features are also 

observed from the numerical simulations. The model 

simulated chlorophyll concentration distinguishes the 

BoB into two seasonal productive regions. 

From the biogeochemical results, a sharp contrast 

of vertical distribution of chlorophyll concentrations 

between Box A and Box B are observed (Fig. 12). The 

blooming time for Box A is around August-September 

whereas for Box B the patches of chlorophyll 

concentration peaked around March-April and 

September-October. The freshwater fluxes are high in 

Box B compared to Box A. In Box B, the formation of 

freshwater plume from River Ganga, Brahmaputra, 

and Irrawaddy during April-May-June retarded the 

growth of plankton. However, the growth of plankton 

in September are driven by unique physical processes. 

The study revealed that two significant peak of 

phytoplankton blooms are observed (in March and 

September) along the east coast of BoB and a peak in 

September along the west coast is driven by 

freshwater fluxes, monsoonal wind and complex 

riverine-coastal circulation associated with cyclonic 

eddies. Zooplankton concentration peaked in 

August-September in Box A and establish quite 

retarded growth in Exp2 which meant that the growth 

is potentially controlled by freshwater discharge. Also 

the grazing rate is dependent on the phytoplankton 

growth rate. Sensitivity experiments are further 

performed based on Exp1, by doubling the freshwater 

discharge (Exp1-FDD), increased the bloom growth 

by 65 percent in Box A and 60 percent in case of Box 

B. However, reducing the freshwater discharge by 50 

percent (Exp1-FDH) reduced the bloom 

intensification by 15 percent in case of Box A and 25 

percent in case of Box B, signifies that the freshwater 

plays a dominant role but nonlinearly related to 

plankton dynamics. The model overestimated surface 

chlorophyll concentrations at some upwelled 

nearshore coastal regions of BoB compared to the 

observation. However, a possible reason for the 
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incongruity is inadequate data to accurately quantify 

the concentration at the nearshore, and also 

emphasized to improve the parameters of turbulent 

mixing scheme in the model. 
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