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A B S T R A C T   

The lack of observational data in the northern part of the Bay of Bengal (BoB) makes it challenging to investigate 
the upper oceanic responses to tropical cyclones. To overcome this challenge, a high-resolution Regional Ocean 
Model (ROMS) is set up with horizontal resolution of 0.03◦ × 0.03◦ and 50 vertical layers for the northern BoB, 
with the daily output of the First Institute of Oceanography surface wave-tide-circulation coupled ocean model 
(FIO-COM) as the boundary condition, and hourly ERA5 data as atmospheric forcings. This regional model is 
systematically validated and then utilized to reconstruct the upper ocean response due to the super cyclonic 
storm Amphan over the BoB from May 16 to 20, 2020. The upper ocean responses to Amphan in the northern BoB 
is well reconstructed with this regional model. On the right side of the cyclone track, sea surface temperature 
(SST) cooling (4 ◦C) and increased sea surface salinity (0.5 psu) are well reproduced. The primary oceanic 
triggering forces intensified the cyclone through the extraordinarily high SST (>31 ◦C) and deep isothermal layer 
depth. Tropical cyclone heat potential was high (over 100Kj cm− 2) during the early stages of the cyclone, which 
aided the transformation of a depression into a super cyclonic storm. Vertical entrainment and horizontal 
advection had a major influence in the pronounced cooling within the mixed layer.   

1. Introduction 

Due to its subtropical position and warm pool, the Indian subconti-
nent is one of the most cyclone-prone parts of the Indian Ocean region 
(Kumar et al., 2019). Although the Bay of Bengal (BoB) and the Arabian 
Sea are located on the same latitude, the BoB is much more sensitive for 
the formation of cyclones (Lin et al., 2009). The adjacent rivers supply 
the BoB with a significant amount of freshwater, and the extra precipi-
tation over evaporation helps to keep the bay fresh and maintain haline 
stratification (Shenoi et al., 2002; Rao and Sivakumar, 2003; Gir-
ishkumar et al., 2013; Pant et al., 2015), which distinguishes it from the 
Arabian Sea. This haline stratification retains the shallow mixed layer 
and warmer SST in this bay, making it a powerhouse for the formation of 
tropical cyclones (Prakash and Pant, 2017). Tropical cyclones are more 
likely in this bay in the months preceding the monsoon (May–June) and 
following the monsoon (October–December) (Gray, 1968; Anonymous, 
1979; Obasi, 1997; Li et al., 2013). Tropical cyclones are affected by 
both the surface and subsurface oceans, depending on how strongly the 

upper ocean mixes vertically. Through the air-sea flux, the oceans 
contribute energy for cyclone intensification. As a result, tropical cy-
clones will be intensified by the favorable air conditions; considerable 
heat transfer from the oceans is also required (Lin et al., 2009), and even 
plays dominant role for the intensification. Air-sea interactions are the 
most important driver in the formation and development of tropical 
cyclones (Wu et al., 2015; McPhaden et al., 2009a). Therefore, the study 
of oceanic processes during a super cyclone storm in this bay has been an 
issue of key interest. 

There is lack of observational data in the BoB, particularly in the 
northern part (Masud-Ul-Alam et al., 2020), which makes it challenging 
to resolve upper oceanic responses during tropical cyclones. Only few 
buoys and satellite data are options for this type of study, and data from 
these sources have uncertainties due to the storm and cloudy condition 
(Prakash and Pant, 2017). Therefore, to investigate the response of 
different oceanic parameters due to cyclone and the mechanisms of 
ocean response during cyclones, a reliable high-resolution ocean model 
is very important. 
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In the present study, the Regional Ocean Model (ROMS) was utilized 
to simulate the tropical cyclone Amphan, which formed and traversed in 
the BoB from 16 May to 21 May 2020. The aim of this research is to 
estimate the changes in different oceanic processes during this super 
cyclone and also to explore the mechanisms of the oceanic responses by 
utilizing the high-resolution regional ocean model. 

2. Model set up, data and methods 

2.1. Model descriptions 

ROMS is an ocean general circulation model, which is three- 
dimensional, free-surface, non-linear model. ROMS is developed by 
Rutgers University in the United States and considers the hydrostatic 
and Boussinesq assumptions to solve the Reynolds averaged Navier- 
Stokes equations (Danabasoglu et al., 1994; Haidvogel et al., 2000; 
Shchepetkin and McWilliams, 2005). The S-coordinate is the adopted 
vertical coordinate system (http://www.myroms. org). ROMS solves the 
governing equations utilizing boundary-fitted orthogonal, curvilinear 
coordinates on a staggered Arakawa C grid (Hedstrom, 1997). 

This study configured the model for the northern BoB (10◦-23◦N, 
79◦-99◦E) (Fig. 1) with a high horizontal resolution of (1/30) ◦ × (1/30) 
◦, and 50 vertical layers. In the zonal direction, it has 602 grid points, 
and in the meridional direction, 422 grid points. The northern part of the 
study area is bounded by land and it is considered as closed boundary in 
the model. The eastern and western boundary of the study area are 
surrounded by land. Only the southern part of the study area is open to 
the sea and thus kept to be open boundary. Chapman boundary condi-
tion is used for surface elevation (Chapman, 1985). A Flather type ra-
diation condition (Flather, 1987) is used to transport momentum from 
2D barotropic energy out of the model domain. For transmitting 3D 
momentum, the radiation nudging condition is used. The s-coordinate 
surface and bottom stretching parameters are set to S = 7.0 and B = 0.1, 
respectively, to improve vertical resolution towards the surface (Song 
and Haidvogel, 1994). To illustrate vertical mixing, the Mellor-Yamada 
Level 2.5 Turbulence Closure is utilized (Mellor and Yamada, 1982). The 
three-dimensional (baroclinic) mode utilizes a 240-s time-step, while the 
two-dimensional (barotropic) mode employs a 30-s time-step. The water 

type IA of Jerlov corresponds to penetrative solar radiation (Jerlov, 
1968). It may be possible to retain more realistic surface values by 
relaxing SSS and SST to data (Diansky et al., 2006; Sharma et al., 2010; 
Nyadjro et al., 2011), however, it compensates for errors in the forcing 
or model physics artificially. In some parts of the BoB, concluding robust 
oceanic systems is a tough task (de Boyer Montégut et al., 2004). There is 
no relaxation to the sea surface temperature and salinity in this paper. 
High vertical resolution is employed in our configuration between the 
upper 10 m (6 layers) and 100 m (18 layers), which increases the con-
fidence in the analysis of near-surface processes. These processes include 
the generation and propagation of surface circulation and freshwater 
plumes, mixed layer, near-surface saline stratification, barrier layer, and 
temperature inversion. In the surface and bottom boundary layers, the 
vertical grid spacing provided higher resolution and prevented artificial 
diffusion at deep water depths. 

2.2. Numerical Ocean model forcings 

Surface freshwater flux (Montégut et al., 2007), open boundary 
condition (Chamarthi et al., 2008), coastal-bay estuarine coupled model 
(Rao et al., 2007), and volume transfer based on point sources at the 
coastal boundary are the main modeling parameterizations of the river 
input. The climatology of monthly discharges of eleven main rivers is 
employed in this study, and they are mentioned as: 1) Krishna, 2) 
Godavari, 3) Mahanadi, 4) Brahmani, 5) Hooghly, 6) Ganges, 7) Brah-
maputra, 8) Meghna, 9) Irrawaddy, 10) Sittang, and 11) Salween. The 
Global River Discharge Database (Vörösmarty et al., 1998) along with 
the Global Runoff Data Centre (GRDC) (Fekete et al., 2000) are the 
sources of Monthly discharges. Rivers are represented in the model as a 
collection of point sources that span the coastal boundary, as proposed 
by Jana et al. (2015). To create a realistic river flow distributary 
(geographic) in this bay, the discharges of those rivers are separated and 
arranged in a total of 15 river points (Fig. 1). Each river’s discharge is 
spread evenly along its corresponding location. 

The global TPXO8 tidal model generates the amplitude and phase 
values of eight tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1) those 
are used to prescribe tidal forcing along open boundaries (Egbert and 
Erofeeva, 2002). The Earth Topography 2-minute digital terrain model 

Fig. 1. The topography of the model domain in the northern BoB. GBM stands for Ganges-Brahmaputra-Meghna. The 15 main river mouths along the coast are 
marked by the red points. The main rivers that were used as freshwater inputs for the regional model are indicated in dark blue. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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(ETOPO5) output is used to create the bottom topography. At the lateral 
open boundaries, the model forcing comes from the daily (with a hori-
zontal resolution of 0.1◦ × 0.1◦) temperature, salinity, horizontal sea 
water velocity and sea surface elevation obtained from the global model, 
First Institute of Oceanography Coupled Ocean Model (FIO-COM) (Qiao 
et al., 2018). Starting from a resting state, the model is initialized on 1 
January with the daily temperature and salinity specified from the 
analysis data of FIO-COM, a surface wave-tide-circulation coupled 
model system. The hourly atmospheric fields used in the model are 
derived from the European Reanalysis (ERA5), which is the fifth gen-
eration of reanalysis published by European Centre for Medium-Range 
Weather Forecasts (ECMWF) dataset (Berrisford et al., 2009) for the 
years from 2018 to 2020. The dataset has a horizontal resolution of 
0.125◦ × 0.125◦. Notably, ERA5 forcing used in our model includes 
surface winds, radiations (short wave and long wave), air temperature, 
air pressure, precipitation rate, and relative humidity. The conventional 
bulk formula of Fairall et al. (2003) is utilized in the model to calculate 
the latent and sensible heat fluxes, wind stresses and evaporation. To get 
a stable spin up ‘initial condition’, we have simulated the model initially 
with ERA5 hourly atmospheric forcing for 8 cycles (Fig. 2) for the year 
2018 repeatedly. After spin up processes utilizing initial condition, the 
model is simulated for the years from 2018 to 2020 with boundary 
forcing from FIO-COM and atmospheric forcing from ERA5, which is 
considered as the baseline simulation or control run. Hence, baseline 
simulation is utilized in this study for both validation of the model and 
further analysis. 

2.3. Data sources 

2.3.1. Sea surface temperature (SST) 
The Optimum Interpolation Sea Surface Temperature (OISST, 

version 5.0), from remote sensing system (RSS) (www.remss.com), was 
combined with microwave (MW) and infrared (IR) data. Therefore, 
MW_IR is the abbreviation for this combination. TMI, AMSR-E, AMSR-2, 
WindSat, and GMI are among the microwave sensors; MODIS-Terra, 
MODIS-Aqua, and VIIRS-NPP are among the infrared sensors. Daily is 

the temporal resolution, while 9 km, or roughly 1/12◦, is the horizontal 
resolution. 

2.3.2. Sea surface salinity 
This study utilizes the Soil Moisture Active Passive (SMAP) 8-Day 

running mean gridded sea surface salinity product (version 4.0, level 
3). This product with a horizontal resolution of 70 km is derived from 
the fourth release of operationally developed authenticated standard 
projected sea surface salinity data of the NASA SMAP observatory. 
Interpolating the source data generated a spatial resolution of 1/4◦(http: 
//www.remss.com/missions/smap). 

2.3.3. Temperature and salinity non-gridded (profile) data 
Data of temperature and salinity collected by Argo profiling floats 

(Argo 2000) in the northern BoB were collected through the Global 
Ocean Data Assimilation Experiment (GODAE) project (http://www. 
argo.ucsd.edu). Temperature and salinity profile data from a single 
Argo float with ID2902230 is utilized for 12th and 22th May 2020 to 
check the effect of cyclone Amphan. 

Observational data from RAMA mooring buoy, located in the 
northern BoB at (12◦N, 90◦E) provides the information on the changes in 
different atmospheric and oceanic parameters during cyclone Amphan 
(McPhaden et al., 2009b). The data are downloaded for the month of 
May 2020. 

2.3.4. Temperature and salinity gridded data 
This study utilizes the EN4 series ocean objective analysis tool (EN4), 

a new version (version 4) from the UK Met Office Hadley Centre, for the 
years from 2018 to 2020 (Good et al., 2013). Notably, the name EN 
comes from two European Union projects: ENACT (Enhanced Ocean 
Data Assimilation and Climate Prediction; http://www.ecmwf.in 
t/research/EU_projects/ENACT/index.html) and ENSEMBLES (http: 
//ensembles-eu.metoffice.com/index.html) (Ingleby and Huddleston, 
2007). The temperature data in this EN4 data version have been 
adjusted with the Expendable Bathythermograph (XBT) utilizing the 
Gouretski and Reseghetti technique (Gouretski and Reseghetti, 2010). 

Fig. 2. Spin up of volume averaged temperature (◦C) (a), and salinity (psu) (b).  
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Monthly temperature and salinity data with a horizontal resolution of 1◦

by 1◦ and a vertical resolution of 42 levels from sea surface (5 m) to 
5500 m are utilized. In order to make a comparison with EN4 data, the 
ROMS output with the starting depth of 5 m is also taken into account. 

3. Methods 

Four seasons are taken into consideration in this study to describe the 
seasonal fluctuations of different parameters: winter (November–Feb-
ruary), spring (March–May), summer (June–August), and autumn 
(September–October) in accordance with Thadathil et al. (2007) and 
Narvekar and Kumar (2014). The spatio-temporal variation of mixed 
layer depth (MLD) has been calculated from EN4 datasets to validate the 
regional model output. During the cyclone days, temperature and 
salinity data from RAMA mooring buoy is used to calculate the daily 
variation of different oceanic parameters including MLD, isothermal 
layer depth (ILD) (a layer of consistent temperature), ocean heat content 
and tropical cyclone heat potential (TCHP) and then compared with the 
daily output of regional model. Additionally, the ROMS model and Argo 
floats before and after cyclones are also used to calculate these features. 

3.1. ILD and MLD calculation 

If the temperature from surface to subsurface drop by 0.8 ◦C, then it 
is considered as ILD in the current study (Wyrtki et al., 1971; Masson 
et al., 2002; Rao and Sivakumar, 2003; Thadathil et al., 2007; Shee et al., 
2019). The density in water column is used to calculate the MLD from 
model, EN4 and Argo data. MLD is defined based on depth, where 
density is equal to the surface density plus the density increment 
brought on by the 0.8 temperature drop. (Eq. 1) (Kara et al., 2000; de 
Boyer Montégut et al., 2004; Thadathil et al., 2007; Kumari et al., 2018; 
He et al., 2020; Chowdhury et al., 2021). The density increment is 
calculated as follows: 

Δρ = ρt(T+ dT,S, P0) − ρt (T,S,P0) (1) 

Here, T (◦C) and S (psu) represent the surface temperature and 
salinity, respectively; the difference in density between the surface and 
the MLD is denoted by Δρ; ρt is the potential density (kg m− 3) calculated 
from the temperature, salinity and reference pressure; and dT is 0.8 ◦C. 

3.2. TCHP and ocean heat content calculation 

Tropical cyclones forms in the oceanic regions where SST >26 ◦C. 
Therefore, TCHP is marked as the accumulated temperature increment 
above 26 ◦C in the water column from sea surface to the depth of the 
26 ◦C isotherm (D26) (Goni et al., 2009): 

TCHP = ρ Cp
∫ D26

0
[T(Z) − 26 ] dz (2) 

In this work, the ocean heat content is calculated from the surface to 
the 23 ◦C isotherm, which is thought to be the general depth to which 
the seasonal effect in this bay endures. Therefore, the Ocean heat con-
tent is: 

Ocean heat content = ρ Cp
∫ D23

0
[T(Z) ] dz (3) 

The temperature (◦C) of each layer of thickness “dz” is represented by 
T(z) in eqs. (2) and (3), whereas the density of seawater, ρ, is a function 
of depth, and Cp (3989.2 J kg− 1 ◦C) is the specific heat capacity of 
seawater. 

3.3. Ekman pumping velocity 

ERA5 provides the wind fields that are higher than 10 m above the 
ocean surface. These data are used to estimate the wind fields around the 
cyclone track and the Ekman pumping velocity is calculated as follows: 

Ekman pumping velocity =
1
ρf

(∇× τ) (4) 

Here, density of sea water is denoted by ρ, wind stress is marked as τ, 
and f defines the Coriolis parameter. 

3.4. Mixed layer heat budget analysis 

Eq. (5) can be used to characterize the mixed layer heat budget at 
each grid point in the bay, and in the present study we used this heat 
budget analysis for a small region following the path of the super 
cyclonic storm Amphan. The “DIAGNOSTICS_TS” option defined by the 
ROMS model gives us a number of terms that contribute to the tem-
perature change averaged over the MLD (Vialard and Delecluse, 1998; 
Vialard et al., 2001), stored as daily averages, and grouped as follows: 

Fig. 3. Comparison of SST (◦C) for winter (a, e), spring (b, f), summer (c, g), and autumn (d, h) between EN4 (first row) and baseline simulation (second row), 
respectively. Contours in the second row indicates the difference of the baseline simulation and EN4. 

(5)   
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There are eight terms in the balance of this equation. The mixed layer 
temperature change is described by a variety of terms in the mixed layer 
heat budget analysis, which aids in the explanation of the upwelling and 
cooling processes that occur during cyclones (Prakash and Pant, 2017). 
Here, the term (a) is the temperature tendency of the area-averaged 
mixed layer; (b) is the mixed layer heat flux; along zonal directions 
the horizontal advection term of temperature is expressed as term (c), 
while term (d) is for the meridional directions; term (e) is for lateral 
processes; (f) term expresses the vertical advection; (g) represents the 
vertical diffusion; and (h) is the last term representing remainder term. 
The detail explanation of all these terms in eq. (5) can be found in 
Chowdhury et al. (2022). 

3.5. Root Mean Square Error (RMSE) 

RMSE is used to compare an estimated amount with the corre-

sponding observed value. The more accurate a prediction or prognosis, 
the lower the RMSE value. RMSE is described as: 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

I=1
(XI− ẊI)

2

N

√
√
√
√
√

(7) 

In the above equation, I is individual non-missing data points, N is 
number of non-missing data points, XI is time series of actual observa-
tions, and ẊI is estimated time series. 

4. Model validation 

Since the northern BoB is located in the subtropical region, incoming 
solar radiation has significant contribution in shaping the thermohaline 
structure of this bay. However, the northmost part of the bay and 
Andaman Sea are regions of limited in-situ data, mostly devoid of 

Fig. 4. Monthly variations in basin averaged SST (◦C) of EN4 and the baseline simulation (a). Area averaged vertical temperature (◦C) profiles during winter (b), 
spring (c), summer (d), and autumn (e) of EN4 and baseline simulation are compared. 
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temperature and salinity data (Akhil et al., 2014; Masud-Ul-Alam et al., 
2020). The datasets that can be used to verify the model performance are 
quite limited in this area, as there are few Argo floats and nearly no 
mooring buoys. This study compares the seasonal variation of the tem-
perature, salinity and MLD from the model baseline simulation to the 
EN4 data. 

4.1. Temperature 

In the northern BoB, seasonal SST varies strongly and significantly 
with peaks in spring and autumn. The geographical location of this bay 
along with the air-sea interactions and presence of summertime huge 
river discharge as well as rainfall might control the seasonal pattern of 
SST (Pant et al., 2015; Akhter et al., 2021). Fig. 3 displays the spatial 
distribution of seasonal SST from EN4 data and model baseline simu-
lation. From EN4 climatology, it is obvious that monthly variation in 
basin averaged SST in the northern BoB has strong seasonal variation 
with two peaks during spring and autumn (Figs. 3a-d). SST is low in 
winter, rises in early spring, and peaks in late spring. The seasonal cycle 
of SST remains high in summer and again getting a peak in autumn 
(Figs. 3 and 4a). This basin averaged seasonal SST pattern in the baseline 
simulation has RMSE of 0.3 ◦C. Baseline simulation also follows the 
similar seasonal spatial pattern, with RMSE varying from 0.4 to 0.49 ◦C 
(Figs. 3e-h). In winter, the simulated SST is slightly lower than EN4 data 
at the northern coast of the bay; in other seasons, it is marginally higher. 
The northern coast is mostly impacted by the freshwater from rivers, and 
this freshwater driven stratification should be responsible for this bias. 
However, in this bay, inaccuracy of <1.0 ◦C in simulated SST is 
conceivable (Behara and Vinayachandran, 2016; Jana et al., 2018). 

Seasonal variation of area averaged vertical profiles from EN4 and 
baseline simulation is displayed in Fig. 4. The mixed layer detected from 
observation is also nicely reconstructed by the model. Baseline simula-
tion has followed the observation in capturing the seasonal variation of 
vertical temperature structure with RMSE varying from 0.36 to 0.87 ◦C 
(Figs. 4b-e). Previously it was also found that reconstructing the ther-
mocline in this basin is a challenge and prior reports also indicated that 
the temperature in thermocline had an RMSE about 1.0 to 2.3 ◦C (Jana 
et al., 2015; Chakraborty and Gangopadhyay, 2016). 

4.2. Salinity 

The spatial distribution of sea surface salinity from EN4 data reveals 
that the northern tip of the BoB has relatively fresher water than any 
other region (Figs. 5a-d). There is an increasing tendency in the sea 
surface salinity from north to south throughout the year. However, the 
observed sea surface salinity exhibits a significant seasonal variance. 

The northeastern part of the bay is the only region with low sea surface 
salinity (<32 psu) in the spring (Fig. 5b). During the summer monsoon 
period, the northern part of the bay receives excess freshwater dis-
charges, which progressively moves south (Fig. 5c). Some of monsoonal 
freshwater is even maintained until the winter with a slight temporal 
lag. However, in spring these freshwater retreats and confined to the far 
north (Figs. 5a-b). Similar seasonal pattern of sea surface salinity is also 
presented by Jana et al. (2015). 

The spatial pattern of seasonal sea surface salinity depicted by EN4 
data is well reproduced by the baseline simulation (Figs. 5e-h). The 
model can precisely capture the initiation and progression of the 
monsoonal freshwater flow along the eastern and western coasts 
(Figs. 5g-h). The model accurately captures the exceptional freshness 
found along the GBM River system, the major source of freshwater, 
during the summer and autumn seasons. The model results also 
adequately depict the freshwater intake from the Irrawaddy River sur-
rounding the Andaman Sea. On the other hand, the simulated sea surface 
salinity is somewhat larger in offshore of the bay, with RMSE from 0.7 to 
1.1 psu around the year and a bigger RMSE (~1.1 psu) in the autumn 
(Figs. 5e-h). As this area often experiences substantial rainfall, the salty 
biasness along the northeastern portion of the bay may be the result of 
an undervaluation of precipitation forced into the model from ERA5 
data (Sengupta et al., 2006; Akhil et al., 2014). Basin averaged sea 
surface salinity shows a similar monthly variation pattern in both the 
EN4 and baseline simulation with RMSE 0.15 psu (Fig. 6a). The water 
column of the domain averaged seasonal salinity is in good accordance 
with EN4 data with a RMSE ranging from 0.12 to 0.16 psu (Figs. 6b-e). 
Remarkably, salinity bias is mostly present from the surface down to a 
depth of 100 m in all water column. However, in this region of enormous 
freshwater sources, modeling of more accurate salinity is still difficult 
(Vinayachandran et al., 2002; Sengupta et al., 2006; Akhil et al., 2014). 
In the northern BoB, Masud-Ul-Alam et al. (2022) compare the model 
and satellite sea surface salinity with the in-situ observations and re-
ported less consistency between them. Scientific community is still 
working on the improvement for better sea surface salinity simulation. 

4.3. MLD 

The mixed layer is crucial to the processes of air-sea interaction be-
tween the ocean underneath and the atmosphere above, and exchanges 
mass, momentum and energy between these two layers. The upper 
ocean thermohaline structure is also controlled by this layer because of 
its existing location (de Boyer Montégut et al., 2004; Mignot et al., 2007; 
Francis et al., 2013). This section compares the seasonal variation of 
basin-averaged MLD from model baseline simulation with EN4 data 
(Fig. 7). The procedure outlined in section 2.4 is used to calculate both 

Fig. 5. Comparison of sea surface salinity (psu) for winter (a, e), spring (b, f), summer (c, g), and autumn (d, h) between EN4 (first row) and baseline simulation 
(second row), respectively. Contours in the second row indicates the difference of baseline simulation and EN4. 
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observation and model simulated MLD. MLD shows semi-annual vari-
ability in this bay, deeper during monsoonal period and shallower be-
tween the transition of monsoons (Jana et al., 2015). In the northern 
BoB, MLD is the lowest in the spring and autumn, somewhat higher in 
the winter, and the highest in the summer. This seasonal variation of 
MLD is agreed by the model simulation against the observation (Figs. 7). 
All the seasonal aspects of MLD are also effectively regenerated in the 
northern BoB. 

In the northern BoB, the spatio-temporal variation of MLD is well 
generated by the model baseline simulation with RMSE ~7.5 to 10.3 m 
(Fig. 8). In the northern BoB, MLD remains shallow all the year round 
(<30 m) having some seasonal variations (Thadathil et al., 2007; Nar-
vekar and Kumar, 2014), which is well captured by the model. The 
advancement of freshwater plume from the northern coastline to 

offshore during the summer and autumn exactly matches the shallow 
MLD from observation and model (Fig. 5), which restricts the MLD about 
10 m (Fig. 8). The freshwater mediated haline stratification inhibits 
mixing and retains the MLD shallow in the northern BoB (Fig. 8c). 
Freshwater mediated shallow MLD during monsoon is also reported 
previously (Rao and Sivakumar, 2003; Pant et al., 2015; Prakash and 
Pant, 2017). During spring, incoming solar radiation is high (Shenoi 
et al., 2002), which eventually aids to keep the high SST during this 
season leading a near surface thermal stratification. Shallow MLD in the 
BoB during spring is the consequences of this thermal stratification. 
During spring and autumn, weak transitional wind unable to break 
down the stratification and aid to keep the MLD shallow. However, 
during winter comparatively deeper MLD is aided by the comparatively 
strong northeasterly wind. Both surface and water column temperature 

Fig. 6. Monthly variations in basin averaged sea surface salinity (psu) of EN4 and baseline simulation (a). Area averaged vertical salinity (psu) profiles during winter 
(b), spring (c), summer (d), and autumn (e) of EN4 and model simulation. 
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in the northern BoB remain low (Figs. 3a, e), and absence of continental 
freshwater keep the comparatively deeper MLD, which is nicely repro-
duced by the model. 

5. Ocean model simulation for cyclone Amphan 

The above validated high-resolution regional model, ROMS is uti-
lized to examine the response of the upper ocean during the super 
cyclonic storm Amphan. Satellite and in situ observations have also been 
adopted to evaluate pre- and post-cyclone oceanic conditions, as well as 
to investigate the associated air-sea interaction mechanisms during this 
cyclone. Using the model simulation, we have analyzed how several 
oceanic processes contributed to the mixed layer heat budget and SST 
cooling during cyclone Amphan. 

5.1. Brief description of cyclone Amphan 

Since the 1999 Odisha cyclone, Amphan was the first super cyclonic 
storm to hit the BoB with winds above 200 km/h (Ahmed et al., 2021), 
and it also resulted in the deaths of 72 people in India and 12 in 
Bangladesh, as well as extensive destruction and damage to public 
property (Sil et al., 2021; Kumar et al., 2021). In recent years, a west-
ward shift of the formation regions and subsequent tracks for the pre 
monsoon cyclones has been reported by (Sil et al., 2021). This westward 
shift allowed Amphan tracks to traverse the warm northward springtime 
Western Boundary Current (Gangopadhyay et al., 2013) and gather 
energy from the current and associated warm anti-cyclonic eddies, 
which ultimately caused the cyclone to intensify. The Indian 

Meteorology department stated that on May 13, 2020, a low-pressure 
system over the southeast BoB gave rise to Amphan (IMD, 2018). 
Under the favorable atmospheric conditions, the low-pressure system 
condensed and deepened into a depression on 16 May 2020, when the 
SST was warm and vertical wind stress was also low. This depression 
became a profound depression on the same day but in afternoon. It 
becomes cyclonic storm in the evening of 16 May by moving to the north 
and northwestwards, and further intensification turned it into a severe 
cyclonic storm over the southeastern part of the bay on the next day 
morning (see the cyclone track in Fig. 9). It went through rapid inten-
sification after that and turned into a very severe cyclonic storm on 17th 
May afternoon. It developed into a very severe cyclonic storm in the 
early hours of 18 May 2020, and at noon on that same day, it became a 
super cyclonic storm. It developed into a very severe cyclonic storm in 
the early hours of 18 May, and at noon on that same day, it became a 
super cyclonic storm. The intensity of super cyclonic storm retained for 
the next 24 h over the west central BoB. During this time, the wind speed 
was very high (200–250 km/h) and this high wind speed turned the 
cyclone in category-5 in the Saffir–Simpson scale. During the same time 
period, the lowest estimated central pressure was 920 hPa. This storm, 
which made landfall in Bakkhali on 20 May 20, wreaked havoc in West 
Bengal and Odisha (Fig. 9). 

5.2. Simulation of SST and sea surface salinity 

SST is one of the key factors in the development and progression of 
tropical cyclones (Bender et al., 1993; Mahapatra et al., 2007). SST with 
26 ◦C or higher is favorable to form cyclones (Palmen, 1948). High SST 

Fig. 7. Monthly variations in basin averaged MLD (m) of EN4 and model simulation.  

Fig. 8. Comparison of MLD (m) for winter (first column), spring (second column), summer (third column), and autumn (fourth column) between EN4 (first row) and 
model simulation (second row). 
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intensifies the storm, while SST cooling reduces the cyclone’s intensity 
(Schade, 2000). During the post cyclone period in the BoB, SST drop of 
0.3 ◦C to 3.0 ◦C is anticipated, depending on the intensity and trajectory 

of the cyclones (Rao, 1987; Gopalakrishna et al., 1993; Chinthalu et al., 
2001; Subrahmanyam et al., 2005; Sengupta et al., 2006; Kashem et al., 
2019). 

Fig. 10 shows how SST and sea surface salinity changed during 
cyclone Amphan based on model and satellite observations. For each day 
between 16 May and 21 Mayof 2020, at 00 UTC, the SST from MW_IR 
(Figs. 10a-f) and the SST from the model (Figs. 10g-l) are compared. The 
sea surface salinity from model (Figs. 11g-l) is compared with SMAP 
(Figs. 10a-f) for corresponding 00 UTC during the cyclone days. Cyclone 
Amphan was formed with very warm SST approximately 30–31 ◦C 
covering the northern BoB (Figs. 10a and g). High SST on the eve of 
cyclone Amphan was also reported by Bhowmick et al. (2020). One of the 
favorable elements for the formation or strengthening of tropical cy-
clones during the pre- and post-monsoon in the BoB is the higher SST 
within the 28–30 ◦C range (McPhaden et al., 2009a). On the very 
beginning day of cyclone Amphan of 16 May, when depression started at 
the southeast part of the bay cooling observed both from the observation 
and model (Figs. 10a, g). On the next day cyclone rapidly intensified into 
a very severe cyclonic storm and the SST decreased >1.0 ◦C (Figs. 10b, 
h). Cyclone Amphan intensified into a very severe cyclonic storm, and 
when the SST dropped by >2.0 ◦C, the cooling patch continued to 
enlarge (Figs. 10c, i). On 19 May, cyclone Amphan intensified extremely 
followed by SST reduction of >3.5 ◦C. Cyclone reached in the northern 
part of the bay and the cooling extended from south to north with the 
highest cooling patch reaching 4.0 ◦C (Figs. 10d and j). Highest cooling 
of 4.0 ◦C due to cyclone Amphan also has been reported (Bhowmick 
et al., 2020). The cooling also observed on 21 May, when already the 
landfall occurs. The cooling tendency persisted for a couple of days after 
Amphan landed, according to both the model and satellite data. In 
accordance with reports that the biggest SST drops are observed in the 
Northern Hemisphere to the right of the tropical cyclone’s track (Black 
and Dickey, 2008), and in the Southern Hemisphere to the left of the 

Fig. 9. Distribution of SST (◦C) (shading) from MW_IR data sources in the study 
domain (78◦ - 100◦E, 10◦ - 24◦N) on 19 May (with super cyclonic storm). Using 
the Saffir-Simpson hurricane wind scale, filled circles with varying colors 
represent the three-hourly positions of cyclone Amphan (IMD, 2018). Here, the 
terms depression, deep depression, cyclonic storm, severe cyclonic storm, very 
severe cyclonic storm, very severe cyclonic storm, and super cyclonic storm, 
respectively, stand for D, DD, CS, SCS, VSCS, ESCS, and SUCS. During Cyclone 
Amphan, the region enclosed by the red rectangular box is taken into account 
for the estimation of various components of the mixed layer heat budget. 
Location of Argo float with ID 2902230 before and after cyclone is marked with 
the diamonds filled with green and red colour, respectively. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 10. SST (◦C) distribution over the cyclone days (16 to 21 May of 2020) from MW_IR (1st row) and model (2nd row), together with the contours of differences 
(during cyclone, 17 to 21 May minus starting day of cyclone, 16 October). Along the cyclone track, red-colored numbers represent the date of cyclone at 00 ISC hour. 
The meanings of D, DD, CS, SCS, VSCS, ESCS, and SuCS in this context are identical to those in Fig. 9. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 11. Sea surface salinity distribution over the cyclone days (16 to 21 May of 2020) from SMAP (11st row) and model (22ndrow), together with the contours of 
differences (during cyclone, 17 to 21 May minus starting day of cyclone, 16 October). Along the cyclone track, the red-colored numbers represent the date of cyclone 
at 00 ISC hour. The meanings of D, DD, CS, SCS, VSCS, ESCS, and SuCS in this context are identical to those in Fig. 9. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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track (Berg, 2002), the Amphan-caused SST cooling pattern is clearly 
visible to the right of the track. The regional model output has nicely 
reproduced the cooling during cyclone Amphan, with the shift in SST 
pattern being extremely similar to satellite data. 

In the BoB, a tropical cyclone increases the sea surface salinity while 
decreasing the SST (McPhaden et al., 2009a; Maneesha et al., 2012; 
Vinayachandran et al., 2013). Strong cyclonic mixing and interaction of 
the lower salinity surface water and the saltier subsurface water are 
expected to rise the sea surface salinity (Sengupta et al., 2006). During 
cyclone Amphan, the sea surface salinity from regional model is in good 
agreement with SMAP dataset. Sea surface salinity on the first day of 
Cyclone Amphan was around 32 psu north of latitude 11◦N (Fig. 11g). 
Both the model and the observation show that sea surface salinity in-
creases along the cyclone track (Figs. 11a-f and 11g-l).’The most plau-
sible causes of this rise are the turbulent mixing in the overlying mixed 
layer and entrainment of underneath high saline waters into the mixed 
layer (McPhaden et al., 2009a). During super cyclonic storm, the in-
crease of sea surface salinity extends from south to north, when the 
cooling also covers huge area of the bay. On the left side of the cyclone 
track, sea surface salinity increased mostly in the vicinity of the track; on 
the right side, an increase in salinity was noted over a considerable re-
gion, even surpassing that of the Andaman Sea. Although SST cooling 
during cyclone Amphan was observed about − 4.0 ◦C from both the 
model and observation, the highest rise in sea surface salinity was 0.5 
psu. 

5.3. Response of the upper oceans to cyclone Amphan 

5.3.1. Temporal variation in atmospheric and oceanic parameters at RAMA 
(90◦E, 12◦N) 

Figs. 12 and 13 show the time evolution of significant atmospheric 
and oceanic variables based on RAMA observational data and model 
simulation. The northern BoB has experienced typical pre-monsoonal 
conditions prior to the formation of the cyclone Amphan. In this re-
gion, air temperature has two peaks in the year round having the highest 
peak during pre-monsoon and before cyclone, this feature was present in 
this bay (Fig. 12a). Before the cyclone, the sea level pressure was about 
1008 hPa, and a weak transitional wind blew over the bay at a speed of 
3–4 ms− 1 (Figs. 12b, c). Precipitation is very unusual in the pre-monsoon 
period that this feature was also present in this bay before the cyclonic 
storm (Fig. 12d). The input of these atmospheric parameters to the 
regional model shows small deviation with low RMSE against the RAMA 
observational data as revealed from Fig. 12. 

Just before the cyclone formation, SST was very high with a value of 
31.5 ◦C and sea surface salinity was low (about 33 psu) (Figs. 13a, b). 
High SST is the characteristic of pre-monsoon period in the northern 
BoB. Shallow MLD with shallow ILD was retained before cyclone for-
mation (Figs. 13c-d). As SST remains high in this season, oceanic heat 
content also remains high with uplifted thermocline. These typical 
oceanic features were persistent in this bay before the cyclone Amphan 
(Figs. 13e-f). Model simulation also followed the observation very 
nicely. 

It is to be noted that the latent and sensible heat flux components of 
net surface heat flux, as well as their interactions with the atmosphere 
and ocean, typically aid depressions in developing into cyclones. When 
the ocean becomes warmer than the atmospheres, it radiates heat and 
this eventually is absorbed by the atmosphere. When the ocean heats up 
faster than the atmosphere, it radiates heat, which is eventually absor-
bed by the atmosphere. The air temperature was <31 ◦C from 1 to 12 
May 2020 (Fig. 12a), although the SST was consistently higher than 
31 ◦C, demonstrating a constant heat input from the ocean to the at-
mosphere. As a result of the continued absorption of heat by the atmo-
sphere, a low-pressure system emerged over the Southeastern BoB on 
May 13, 2020 (Fig. 12b). The sea level pressure got the concave shape 
when the cyclone formed and persisted till intensified into super cyclone 
on 19 May 2020 and the minimum pressure was observed to be 995 hPa 
(Fig. 12b). Cyclone effect is well captured by the model with a small 
error. Huge rainfall occurred before the highest intensification of 
cyclone and the wind speed become high (about 15 ms− 1) (Figs. 12c, d). 
SST dropped as a result of this increasing surface wind, and the reduc-
tion was significant (>3 ◦C) (Fig. 13a). Cool SST persisted till the end of 
the month. In contrast to the strong cooling due to cyclone, sea surface 
salinity increased very low (~ 0.4 psu) (Figs. 13a, b). High wind and 
related surface wave induced mixing increases the ILD and deepen the 
MLD (Figs. 13c, d). High wind speed and cool SST also indicates the 
deepening of thermocline and reduces the oceanic heat content addi-
tionally to the heat potential of tropical cyclones (Figs. 13e-g). Model 
simulated results have captured this post cyclone effect very well and 
followed the observation with a small deviation. 

Time series of water column temperature for the month of May 2020 
from the ROMS model are compared at RAMA buoy locations (90◦E, 
12◦N) (Figs. 14a-b), as other RAMA mooring buoy present in the study 
domain does not have temperature data during this period. The vari-
ability in temperature with high-frequency is observed in buoy data, 
which is also present in the model temperature profiles. Reduction of 
vertical temperature from 16 May appeared in both RAMA observation 

Fig. 12. Daily time series of air temperature (◦C) (a), surface pressure (hPa) (b), wind speed (ms− 1) (c), and precipitation (Kgm− 2 s− 1) (d) from RAMA observation 
and ERA5 datasets used as model forcing at position (90◦E, 12◦N) for the month of May 2020. The light red shaded area indicates the cyclone days. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and model simulated temperature (Figs. 14a-b). Shallow MLD before the 
formation of cyclone and the deeper MLD observed in observation after 
the intensification of cyclone is reconstructed in the model simulation 
(Fig. 14 b). 

5.3.2. Spatial variation of different oceanic characteristics during cyclone 
The spatial distributions of the expected change (after cyclone con-

dition minus before cyclone condition of Amphan) in SST (◦C), sea sur-
face salinity (psu), ILD (m), MLD (m), D26 (m), TCHP (Kj cm− 2) and 
ocean heat content (Kj cm− 2) from regional model simulation are pre-
sented in Fig. 15. Extensive effect of cyclone Amphan on the upper ocean 
of the study domain is demonstrated by the spatial distribution of 
anomalies in these parameters. Argo float data from ID2902230 is 
employed to distinguish the modifications in the abovementioned var-
iables from model. In the pre-cyclone period, Argo float is available on 
12 May and in the post-cyclone period, on the 22 May. Therefore, 12 
May and 22 May are regarded as the pre-cyclone and post-cyclone pe-
riods, respectively, for comparing the model simulated anomalies for 
different parameters with that of the Argo float data (Table 1). 

The spatial distribution of the anomalies in various oceanic 

parameters from the regional model illustrates the post-cyclone impacts 
of Amphan on the right side of its path. The maximum decrease in SST by 
approximately 4 ◦C (Fig. 15a), maximum increase in sea surface salinity 
by approximately 0.6 psu (Fig. 15b), and the maximum deepening of ILD 
and MLD by >40 m (Figs. 15c-d) are clearly depicted by the regional 
model. D26 was shallowed (about 22 m), ocean heat content was 
reduced (about 70 Kj cm− 2), and TCHP was decreased (about 84 Kj 
cm− 2) due to the cyclonic storm Amphan (Figs. 15e-g). The strongest 
wind and related surface wave during cyclonic storm usually generate 
heavy turbulence, which in turn intensify the vertical mixing (Maneesha 
et al., 2012). The deeper and colder mixed layer (as seen in Fig. 15d) 
would result from an inertial oscillation driven on by this strong cyclonic 
wind force and the turbulent mixing on the right of the cyclone track 
(Price, 1981). 

Amphan reduces SST of the northern BoB from south to north, and the 
cooling pattern also extended in the Andaman Sea (Fig. 15a), and SST 
decreases on both sides of the cyclone track. Nevertheless, the SST 
dropped more on the right side of the cyclone track than that on the left. 
The Argo float of ID 2902230 located on the right side of the cyclone 
path showing SST cooling (3.9 ◦C), which is well reproduced by the 

Fig. 13. Time series of daily SST (◦C) (a), sea surface salinity (psu) (b), ILD (m) (c), MLD (m) (d), ocean heat content (Wm− 2) (e), D26 (m) (f), and TCHP (Wm− 2) (g) 
from RAMA observation and model simulation at position (90◦E, 12◦N) for the month of May 2020. The light red shaded area indicates the cyclone days. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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model (3.8 ◦C) (Table 1). The increasing area of sea surface salinity due 
to cyclone Amphan did not cover the entire bay. However, area coverage 
of high saline water was higher on the right than that on the left side of 
the cyclone track. Both the model and the Argo floats have presented 
analogous changes in sea surface salinity during cyclone (Fig. 15b; 
Table 1). 

In the post-cyclone period, deeper MLD and ILD are observed on both 
side of the cyclone track, with the right side being more extended and 
more intense (Figs. 15 c, d). ILD and MLD have positive anomalies on the 
right part of the track, which is apparent from both ROMS simulation 
and Argo observation (Table 1). Shallowing of D26 appeared along the 
cyclone track from the initial days of the cyclone (Table 1) and shal-
lowing of D26 increases with the increase of the intensity of cyclone. The 
spatial pattern of heat content anomaly and TCHP due to cyclone have 
almost alike pattern (Fig. 15f and g). The maximum heat loss during the 
strong cyclone days occurs within the uppermost 30 m depth (Fig. 15f). 
The area with the highest SST drop coincided with the maximum heat 
loss in TCHP along the path of cyclone Amphan. 

Warmer SST creates a suitable environment for the formation of 
tropical cyclone because SST modulates the turbulent heat flux (latent 
and sensible heat fluxes) (Cione, 2015; Sun et al., 2019). Higher SST 
(>26 ◦C) is liable for the formation of nearly all tropical cyclones in the 
Northern Hemisphere. The time series of SST at RAMA mooring position 
and the spatial variation of SST from model as well as Argo float all show 
that before generation of cyclone Amphan, the SST was about 31.5 ◦C 
(Figs. 13a and 15a; Table 1). This extremely high SST is enough to 
strengthen tropical cyclone (Qiu et al., 2019). However, thermohaline 
structure of upper ocean also plays key role on the development and 
strengthening of cyclones. Before the formation of Amphan, ILD was 
deeper (about 25 m), which plays a vital role in intensifying a tropical 
cyclone (Qiu et al., 2019). Notably, 28 ◦C of ocean temperature along 
with 33 Kjcm− 2 of TCHP can endure a strong storm for a week (Rao, 
1987). Cyclone Amphan generated with 31.5 ◦C of SST, about 25 m of 
ILD and >125 Kjcm− 2 of TCHP (Table 1). Therefore, the super cyclone 

Amphan was formed and intensified by high SST, high TCHP, and deep 
ILD; the regional model is able to accurately reproduce the whole pro-
cesses and their impacts on cyclone Amphan. 

5.4. Controlling mechanisms of the upper ocean response during cyclone 
Amphan 

5.4.1. Upwelling 
Fig. 16a and d display the structure of water column temperature and 

salinity from model output in the northern BoB along longitude of 87◦E 
and the latitude ranging from 10 to 20◦N on 20 May, one day after the 
super cyclonic storm on 19 May. Water column structure of temperature 
and salinity is also provided in the same day from the model output but 
along the 92◦E with the span of same latitude (Figs. 16b-e). Temperature 
and salinity structures are drawn along the longitude of both 92◦E and 
its parallel along 87◦E to observe oceanic change along the cyclone path 
and a section away from cyclone track. Both temperature and salinity 
profiles along the 87◦E shows the sign of cyclone-induced upwelling. As 
seen from the observation in MW_IR cooling persisted in the whole bay 
when the cyclone got the highest intensity, though the enhanced salinity 
observed from SMAP was a bit weak (Figs. 16c, f). In Figs. 16a-d, the 
upwelling tendency in the whole bay is also observed; however, a 
concave up shape form towards surface within 18◦N to 19.5◦N latitude, 
where the tropical cyclone Amphan induced upwelling contributed 
3.5–4.0 ◦C cooling over the sea surface as well as shoaling is observed 
along the thermocline (Fig. 16a). A band of high salinity (>34.2 psu) 
water appears in the upper 60 m, enhancing the sea surface salinity by 
approximately 0.4 psu in the model outputs within latitudes of 18◦N to 
19.5◦N (Fig. 16d). This pattern resembles to the vertical section of 
temperature. This elevated salinity is also observed from the SMAP sea 
surface salinity in the region on the same day of cyclone (Fig. 16f). The 
significant upwelling signature is also evident when compared to the 
water column temperature and salinity along the 92◦E longitudes 
(Figs. 6b, e). 

Fig. 14. Time series of water column temperature from RAMA observation (a), and model simulation (b) for the month of May 2020 at location (90◦E, 12◦N). The 
black dash line indicates the MLD calculated from the respective data sources. 
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Wind field has the dominant effect on the upper ocean dynamics, as 
the wind and related surface wave induced mixing causes the upward 
Ekman pumping (Stommel, 1958). Upward Ekman pumping causes the 
upwelling, which uplift the thermocline and eventually cools the SST 
(Jacob et al., 2000). The Ekman pumping velocity during the days of 
cyclone Amphan estimated from the air-sea flux ERA5, which is adopted 
in the regional model is displayed in Figs. 17a-d. Ekman pumping ve-
locity is presented here from 17 May. It is observed that a patch of strong 
Ekman pumping velocity has followed the cyclone path. Strong Ekman 
pumping velocity along with the strong wind moved with the cyclone 
track, and the intensity of the velocity and the patch of strong wind 

became stronger on 19 May, when the cyclone turned into super 
cyclonic storm. Notably, the upwelling of the thermocline is indicated by 
a positive Ekman pumping velocity, whereas the downwelling of the 
thermocline is demonstrated by a negative Ekman pumping velocity 
(Navaneeth et al., 2019). So, the strong Ekman pumping velocity (~5 ×
10− 4 ms− 1) caused upwelling feature covering huge area on 19 May 
along the cyclone track (Fig. 17c), which is responsible to cool the SST 
and enhance salinity in this region as observed in Fig. 17. The modeled 
vertical velocity during the cyclone days exactly followed the cyclone 
path similar to Ekman pumping velocity (Figs. 17b and f). Patch of 
higher vertical velocity observed in the cyclone positions in respective 

Fig. 15. Estimated differences of SST (◦C) (a), sea surface salinity (psu) (b), ILD (m) (c), MLD (m) (d), D26 (m) (e), heat content (Kj cm− 2) (f), and TCHP (Kj cm− 2) (g) 
before (12 May) and after (22 May) the cyclone Amphan from model outputs. 
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days. This increased vertical velocity emphasizes the upwelling along 
the cyclone track that is caused by the cyclone. And the highest velocity 
on 19 May along the cyclone track also indicates the highest upwelling 
in the super cyclonic storm day (Fig. 17h). 

5.4.2. Intensification of pre-existing cyclonic eddies 
Presence of a considerable number of mesoscale eddies and their 

dissipation has been reported in BoB (e.g., Sreenivas et al., 2012; Cheng 
et al., 2013; Sérazin et al., 2015). The East Indian coastal current and 
local Ekman pumping, in combination with the westward propagating 
Rossby wave (remote forcing), causes barotropic/baroclinic instability 
of the mean ocean current, resulting in eddies mostly in the western part 
of the BoB (Vinayachandran et al., 1999; Somayajulu et al., 2003; Kumar 
et al., 2004; Chen et al., 2012; Cheng et al., 2018; Gonaduwage et al., 
2019; Huang et al., 2019). During the spring and summer, turbulent 

eddy processes are formed more frequently in this bay than other sea-
sons, with cyclonic eddies (cold core) dominating in the spring and 
anticyclonic eddies (warm core) dominating in the summer (Cheng 
et al., 2013; Cui et al., 2016). The upper ocean response to tropical cy-
clones is influenced by mesoscale eddies, which play an important role 
in the ocean dynamics (Jacob and Shay, 2003; Mei et al., 2013; Zheng 
et al., 2010). The upper ocean response due to tropical cyclones appears 
to be more favorable in cyclonic eddies with a cold core and shallow 
mixed layer at the center, while tropical cyclone also intensifies cyclonic 
eddies (Walker et al., 2005; Sun et al., 2019; Vidya and Das, 2017; 
Chacko, 2017). Eddies and their drivers change the effect of vertical 
density gradient in the ocean and hence contributing to sea-level 
anomalies in the BoB (Chen et al., 2012; Sreenivas et al., 2012; Cheng 
et al., 2013; Cui et al., 2016). 

The 6-day average modeled surface current overlaid on the 6-day 
average sea-level anomaly before and after the cyclone pass as seen in 
Fig. 18. High sea level and alongshore currents at the southwestern, 
northern, and eastern boundaries, as well as warm and cold core 
mesoscale eddies in the bay interior, described the circulation over the 
bay before the arrival of cyclone Amphan (Fig. 18a). The northwestern 
part of the bay had a pair of warm and cold core eddies before this 
cyclone. Along the track of cyclone Amphan, it had a cold eddy on the 
left and a warm eddy on the right, with negative (<− 0.25 m) and pos-
itive (>0.25 m) sea-level anomalies, respectively. The spring time 
western boundary current (Gangopadhyay et al., 2013) and eddies 
helped intensify Amphan to category 5 (Sil et al., 2021). The super 
cyclonic storm Amphan, caused two significant modifications in the 
surface circulation (Figs. 18a, b, and c). Firstly, there was a strong 
northward current on the right side of cyclone Amphan’s track, but none 
on the left side adjacent to the track (Fig. 18c), reflecting the hypothesis 

Table 1 
Values of different parameters before and after cyclone from model compared 
with the Argo floats (ID2902230).   

Before cyclone 
(86.78◦ E, 13.16◦ N) 

After cyclone 
(86.76◦ E, 13.45◦

N) 

Difference  

Argo Model Argo Model Argo Model 

SST (◦C) 31.54 31.43 27.64 27.63 − 3.9 − 3.8 
SSS (psu) 32.69 33.05 33.69 33.65 1 0.6 
MLD (m) 20.95 22 56.28 63 35.33 41 
ILD (m) 25 26 59 66 34 40 
D26 (m) 86 66 59 44 − 27 − 22 
HC (Kj cm− 2) 514.9 506.4 443.6 437.4 − 71.4 − 69.0 
TCHP (Kj cm− 2) 125.7 138.0 39.3 54.0 − 86.3 − 84.0  

Fig. 16. Vertical sections of temperature (◦C) (a, b), and salinity (psu) (d, e), along 87◦E and 92◦E longitude, respectively from model simulation. SST (◦C) from 
MW_IR (c), and sea surface salinity (psu) from SMAP (f) display the sign of upwelling (more detailed structure of upwelling can be found in Fig. 17). The green and 
blue lines from south to north in c and f indicates 87◦E and 92◦E longitude, respectively. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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that near-surface velocity in the Northern Hemisphere is always biased 
rightward (Chang et al., 2016) due to strong wind there (Qiu et al., 
2019). Sil et al. (2021) also reported the movement of cyclone Amphan 
close to the positive sea-level anomaly and rightward current biasness. 
Secondly, while the pre-existing warm eddy was less affected by the 
tropical cyclone, the pre-existing cold eddy was substantially intensified 
(Fig. 18b). The intensification of cyclonic eddies causes the reduction of 
sea-level anomaly after the cyclone passes (Fig. 18c), which could have 
contributed to the significant SST cooling observed distant from the 
cyclone track (Fig. 18a). The enhanced alongshore currents on the left 
side of the track (Fig. 18c) might be associated with the geostrophic flow 
of the cold eddies (Qiu et al., 2019). 

5.4.3. Roles of different oceanic processes 
The temporal variation of area-averaged temperature profile during 

the cyclone days (16 May to 22 May) along with the MLD (black dash 
line) and D26 (red dash line) are shown in Fig. 19a. The area-average 
temperature profile is considered for the box in Fig. 9, where the 
maximum cooling occurs due to the cyclonic upwelling. Initially, when 
the cyclone was located in the southern part of the bay, temperature was 
higher and MLD was shallower (~25 m) within the marked box. How-
ever, with the arrival of the cyclone, temperature reduced during the 
intense cyclone days (18 May to 20 May) and the MLD got deeper (~40 
m) as well the shallowing of thermocline occurred. Wind field following 
the cyclone path also became stronger during these days (Figs. 17a-d). 

From the model simulated result, a mixed layer heat budget analysis 
is executed across the boxed region and highlighted in Fig. 9 to assess the 
relative roles of different oceanic processes in controlling sea surface 
cooling along the passage of the cyclone Amphan (see Fig. 19). A time- 
series is created by averaging the various elements of the mixed layer 

heat budget, including temperature tendency, vertical entrainment, 
horizontal advection, and net heat flux. This time-series is shown in 
Fig. 19b. Typically, the residual term denotes the unresolved processes, 
like turbulent mixing and diffusion. Cooling of mixed layer during the 
cyclone days is evident from the temperature tendency term. The tem-
perature tendency curve shows negative tendency when the cyclone 
started to intensify. When the cyclone becomes more intensified, rapid 
increase in negative tendency is observed and the highest negative 
tendency attained one day after the super cyclonic storm, when it again 
turned into extremely severe cyclonic storm and very severe cyclonic 
storm later on. The combined effects of vertical entrainment, horizontal 
advection, and low net heat flux at the sea surface should be responsible 
for the cooling of the mixed layer. Within the selected region for mixed 
layer heat budget analysis, vertical entrainment contributed up to 0.1 
◦Cday− 1, whereas advection of colder water contributed up to 0.06 
◦Cday− 1 (cooling rate) (Fig. 18b). 

The magnitude of negative temperature tendency was a bit lower 
before 19 May, when vertical entrainment showed positive tendency but 
other heat budget terms are slightly negative. During 19 May to 20 May, 
the vertical entrainment term exhibited the negative sign and contrib-
uted to the cooling of mixed layer dominantly. During 18 to19 May, the 
net heat flux also contributed negatively to the temperature tendency. 
Notably, at the end of 20 May, the horizontal advection term changed its 
sign and contributed to a slight warming in the mixed layer. The net heat 
flux and vertical entrainment also contribute to the warm mixed layer 
during these days. Upwelled cold water advected to this region, followed 
by warm water from the enhanced net heat flux transited to this region 
after the passage of cyclone Amphan. The mixed layer heat budget 
analysis reveals that the vertical entrainment and horizontal advection 
dominantly controlled the cooling phase of the mixed layer during the 

Fig. 17. Ekman pumping velocity (ms− 1, shaded) overlaid with the wind vector during the intense cyclone days and the modeled vertical velocity on 17 May (a, e), 
18 May (b, f), 19 May (c, g), and 20 May (d, h), respectively. The average vertical velocity of the model is within the top 50 m of the ocean. 

Fig. 18. 6-day averaged sea surface current overlaid on the 6-day averaged sea-level anomaly from model simulation in the study area during pre-cyclone days of 
10–15 May 2020 (a), post-cyclone days during 22–27 May 2020 (b), and difference in sea-level anomaly and current between pre- and –post cyclone period (c). 
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tropical cyclone Amphan. The net heat flux and entrainment clearly 
govern the temperature tendency of the mixed layer after the passage of 
Amphan. 

6. Conclusion 

The northern BoB is a unique basin for receiving excessive freshwater 
from rivers and being proximate to the tropical cyclone formation hub. 
Furthermore, lack of data availability in this region urges us to set up a 
high-resolution regional ocean model for present and future studies. The 
present study focuses on investigating the mechanisms of upper ocean 
responses to the super cyclone Amphan over the BoB from 16 to 20 May 
2020 based on a high resolution (horizontal resolution 0.03◦ x 0.03◦

with 50 vertical layer) regional ocean model, ROMS, in the area of (10◦- 
23◦N, 78◦-100◦E). This regional model is set up utilizing the daily output 
from the global operational ocean forecasting system, FIO-COM, as the 
ocean boundary forcing and hourly ERA5 data as atmospheric forcing. 
Accordingly, the spatio-temporal variation of temperature, salinity, and 
MLD are well reproduced by the model in the study domain. 

Model and remote sensing data indicate that from 16 to 20 May 
2020, there was a substantial decrease of the SST (approximately 4 ◦C) 
and an increase in sea surface salinity (~ 0.4 psu) heavily on the right 
side of the cyclone track. Extremely high SST (>31 ◦C) and deep ILD 
were favorable for intensifying the cyclone Amphan. At the beginning of 
cyclone Amphan, TCHP was high (>100 Kjcm− 2), which further 
enhanced a depression into a super cyclonic storm. Enhanced positive 
Ekman pumping in the northern BoB caused upwelling, which uplifted 
thermoclines and isohalines. Through mixed layer heat budget analysis, 
the significant role of horizontal advection and vertical entrainment in 
governing the pronounced cooling of the mixed layer in the north-
western BoB between 18 and 20 May 2020 is identified. The upwelled 
cold water and then advected is mainly responsible for the area- 
averaged sea surface temperature decrease. 
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