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Numerical simulation on Bay of Bengal's response to cyclones using the Princeton 
ocean model

This study used the Princeton ocean model (POM) which 
includes second-order turbulent closure scheme to investigate the 
fluid dynamics of the Bay of Bengal (BoB) in the upper ocean's 
response to a cyclone. The model uses an orthogonal curvilinear 
grid and 26 sigma levels in conformity with realistic bottom 
topography. The model is forced with wind and heat plus salinity 
fluxes as surface forcing to simulate the BoB’s response during 
a cyclone. In order to provide the realistic cyclonic vortex the 
model as input, the synthetic cyclonic vortex is generated and 
superimposed on the QSCAT/NCEP blended ocean wind fields. 
Analyses of results show significant sea surface temperature 
(SST) cooling on both sides of the storm track. This cooling could 
be attributed to the strong cyclonic winds, surface divergence 
and upwelling. However, less commonly observed features such 
as a leftward bias in SST cooling due to the relatively slower 
motion of TC and southward moving coastal boundary currents 
are also reported in this study. Model SST is compared with 
the observed Tropical Rainfall Measuring Mission (TRMM) 
Microwave Imager (TMI) filled up SST for the evaluation of the 
model's performance. Moreover, not only sea surface cooling but 
subsurface warming due to intense downwelling and coastal jet 
parallel to the coast were also observed in the model's simulation. 
The mixed layer depth (MLD) variation is revealed by the model. 
MLD deepening due to the convergence of near surface flow at 
the periphery of the cyclone is observed; however, beneath the 
cyclone centre, in the direction of the track the upsloping of 
isotherms due to the surface divergence and upwelling causes 
the shoaling of the MLD. Modeled surface currents are compared 
with 5-day interval OSCAR (Ocean Surface Current Analyses - 
Real time) surface currents, which are not very coherent, though 
some of the important features like higher values of boundary 
layer currents are captured. However, strong near surface, 
asymmetrical responses such as divergent currents in the open 
oceanic region are reflected by the model but when the cyclone 
approaches the coast the current patterns do not show the right 
bias due to interaction with the coast.
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Este estudo utilizou o modelo oceânico de Princeton (MOP), que inclui o 
esquema fechamento turbulento de segunda ordem, para investigar a dinâ-
mica de fluidos da Baía de Bengala (BB), como resposta do oceano super-
ficial a um ciclone tropical (CT). O modelo utiliza uma grade curvolinear 
ortogonal e 26 níveis-sigma, em conformidade com a topografia realística 
do fundo. O modelo foi forçado pelo vento, calor e salinidade superficial, 
com a finalidade de simular a resposta da BB durante um evento de ci-
clone. A fim de proporcionar um vórtice ciclônico realista como entrada 
para o modelo, um vórtice ciclônico sintético foi gerado e sobreposto aos 
campos de ventos oceânicos misturados QSCAT / NCEP. Os resultados 
obtidos mostraram resfriamento significativo da temperatura superficial do 
mar (TSM), em ambos os lados do rastro da tempestade. Esse resfriamento 
pode ser atribuído aos fortes ventos ciclônicos, à divergência de superfície 
e também à ressurgência. No entanto, no presente estudo, foi também ob-
servada uma característica menos comum, que é o viés para a esquerda no 
resfriamento da TSM devido a movimentação mais lenta do CT e desloca-
mento para o sul das correntes de contorno costeiras. Para a avaliação do 
desempenho do modelo SST, este foi comparado com a “Tropical Rainfall 
Measuring Mission (TRMM) Microwave Imager (TMI)” observada e que 
ocupou a SST. Além disso, não só o resfriamento da superfície do mar, 
mas também o aquecimento da subsuperfície, devido à subsidência intensa 
e ao jato costeiro paralelo à costa, foi observado pela modelagem. Igual-
mente, a variação da profundidade da camada mista (PCM) foi revelada 
pelo modelo. Ocorreu um aprofundamento da Camada Mista, devido à 
convergência do fluxo próximo da superfície na periferia do ciclone; no 
entanto, sob o centro do ciclone, ao longo da direcção da subida das iso-
termas, causada pela divergência de superfície e pela ressurgência, ocorre 
o empolamento da PCM. Correntes de superfície modeladas são compa-
radas com as correntes superficiais de 5 dias de intervalo, chamadas de 
OSCAR (Análises de Correntes Superficiais em Tempo Real), que embo-
ra não sendo de grande coerência, permitem que algumas características 
importantes, tais como valores elevados de correntes da camada limite, 
sejam capturados. No entanto, perto da superfície, o modelo reflete uma 
forte resposta assimétrica, tal como a presença de correntes divergentes na 
região oceânica; porém, quando o ciclone se aproxima da costa os padrões 
atuais não mostram o viés de direita, devido à interação costeira.
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INTRODUCTION
Tropical cyclones (TCs) represent intense cases 

of air-sea interaction processes, where warm surface 
ocean waters provide energy through surface heat 
fluxes (EMANUEL, 1986). Latent heat release due 
to the condensation of water vapor ultimately comes 
from the ocean (JACOB; SHAY, 2003), which helps 
in developing strong winds and produces intense 
mixing and divergent flows in the upper layers of the 
ocean. Strong TC winds help in the redistribution of 
ocean waters through vertical mixing (entrainment and 
upwelling from the depths below) which lead to sea 
surface temperature (SST) cooling and a corresponding 
reduction in surface heat fluxes (MAEDA, 1964; 
GENTRY, 1970; JACOB; SHAY, 2003). The SST 
plays a crucial role in the genesis and intensification 
process of the TCs (BENDER et al., 1993; RAO et 
al., 2007; VISSA et al., 2013). Stronger TC winds 
induce a deepening of the mixed layer and result in the 
cooling of the sea surface by several degrees after their 
passage, which acts as a negative feedback mechanism 
for TC intensification (PRICE, 1981; BENDER et al., 
1993; SHAY; VINCENT et al., 2012a, b, c; VISSA et 
al., 2013). MOREY et al. (2006) have also suggested 
that warm SSTs favor the development of tropical 
cyclones by providing the energy necessary for deep 
atmospheric convection. Estimates from observations 
and model simulations reveal that cooling induced by 
vertical mixing in the oceanic mixed layer heat budget 
ranges from ~70-99 % (BENDER et al., 1993; JACOB 
et al., 2000). Decreases in SST may range from 3.5° 

to 6°C depending on the storm’s intensity, forward 
speed, spatial extent and the oceanic mixed layer’s 
thickness (LEIPPER, 1967; WRIGHT, 1969; PRICE, 
1981; STRAMMA et al., 1986; NELSON, 1998; SHAY 
et al., 1992; WENTZ et al., 2000; SADHURAM, 
2004). The heat fluxes to the atmosphere account for 
less than 20% of the total SST decrease (ELSBERRY 
et al., 1976; PRICE, 1981). The thermal response of 
the ocean due to cyclones has been well investigated 
through observation and modeling studies in different 
oceanic basins which have indicated decreases in SST 
(EMANUEL, 1988; SAUNDERS; HARRIS, 1997; 
ZEDLER, 2009; NEETU et al., 2012; VINCENT et al., 
2012a, b, c).

The upper ocean’s response due to the passage of 
TCs in the North Indian Ocean has been well documented 

(SEETARAMAYYA; MASTER, 1984; BEHERA et al., 
1998; CHINTHALU et al., 2001; SUBRAHMANYAM et 
al., 2005; DEO et al., 2012; WANG et al., 2012 a, b; DAS 
et al., 2014). KARA et al. (2000, 2003a, b) in their model 
simulation reported an SST drop of 0.5°C to 0.8°C in the 
BoB during the passage of TCs. SUBRAHMANYAM 
et al. (2005); SENGUPTA et al. (2008) also found an 
SST cooling of ~ 0.5-1.0°C due to a TC over the BoB. 
RAO (1987, 2000); SEETARAMAYYA et al. (2001); 
VINAYCHANDRAN et al. (2002) have also evidenced a 
considerable drop in SST in the BoB due to the passage 
of TCs.

Variations in mixed layer depth play a significant 
role in determining the SST response to a TC, which in 
turn affects surface fluxes (MAO et al., 2000). Upwelling 
and entrainment of cold subsurface waters into the mixed 
layer is the widely accepted mechanism of mixed layer 
(and SST) cooling resulting from hurricanes (PRICE, 
1981). SHAY (1994) studied the thermal response and the 
momentum response within the near-inertial dynamics to 
the TCs in the upper ocean. DARE; MCBRIDE’s (2011) 
studies reported that the maximum sea surface cooling 
generally occurred a day after the cyclone’s passage. 
Mechanical energy injected into the ocean by cyclonic 
wind causes enhanced vertical mixing, a deepening of the 
mixed layer and a warming of the subsurface layers of the 
ocean to a depth of at least 500 m (JULLIEN et al., 2012).

The inherent asymmetry in the coupling between 
the wind stress and wind-driven mixed layer currents 
during a cyclone shows the right-hand bias in the current 
amplitude as an oceanic response to a storm (PRICE, 
1981). The mixed layer current structure produces a 
unique convergence and divergence pattern in the wake 
of the storm. The high velocity current shear produces a 
mixing of the cooler thermocline water into the mixed 
layer, increasing the mixed layer’s depth and cooling 
the sea surface (JACOB et al., 2000; D’ASARO, 2003). 
Ocean sensors recorded the first velocity structure 
measurements in the Gulf of Mexico during the passage 
of Hurricane Eloise (WHITHEE; JOHNSON, 1988) as 
the ocean’s response to a storm. DICKEY et al. (1998) 
used Bermuda testbed mooring data and investigated the 
several aspects of upper ocean response to Hurricane 
Felix (1995). Their findings reveal a significant decrease 
in SST, strong inertial motion, strong vertical turbulent 
mixing and heat exchange, and cooling of the upper 
mixed layer that persisted for several days. ZEDLER et al. 
(2002) undertook the measurement of horizontal currents 



BRAZILIAN JOURNAL OF OCEANOGRAPHY, 65(2):128-145;2017

Das et al.: Cyclone-ocean model

130

and temperatures using the multivariable moored system 
(MVMS) at the Bermuda testbed mooring site during 
Hurricane Felix (1995). Their data analysis indicates 
an increase in kinetic energy, mixed layer deepening, 
and significant vertical redistribution of heat, with 
cooling of the upper 30m and warming at depths of 30-
70m. CHINTHALU et al. (2001) analyzed the currents 
and various air-sea parameters from moored buoy data 
(collected 3 m below the surface) deployed at 13°N, 87°E 
in the BoB by the National Institute of Ocean Technology 
(NIOT) during the passage of TCs and reported SST 
cooling and opposite trends in currents and winds at the 
buoy’s location. The work of PREMKUMAR et al. (2000) 
has documented that the ocean’s response to a TC can 
be vital by monitoring the surface weather parameters 
and the upper ocean current and thermal structure from 
moored buoys. SUBRAHMANYAM et al. (2005) have 
documented that the coupling of the surface wind stress 
to surface current produces a divergent pattern of currents 
during a storm.

The BoB is one of the largest marginal seas of the 
Indian ocean, encompassing a surface area of 2.2 X 106 
km2 (Figure 1). Because of its semi-enclosed nature 
(surrounded by land on 3 sides), the BoB is subject to 
high spatial and temporal variability arising from external 
forcing factors. TCs that routinely affect the region are 
one of the significant sources of the BoB’s variability. 
The BoB’s thermal structure and circulation are thus 
connected to the surface wind forcing as is evident through 
both observational (RAO, 1987; SHETYE et al., 1996; 
CHINTHALU et al., 2001) and modeling studies (LISAN 
et al., 1991; POTEMRA et al., 1991; KARA et al., 2000, 
2003a, b). Modeling studies on aspects of air-sea interaction 
processes during suppression, transition and active 
convective episodes and the observational studies of near-
surface variations and surface fluxes have been extensively 
investigated in the BoB (BHAT, 2002; MOHANTY et al., 
2003; DAS; MOHANTY, 2014). The BoB’s intraseasonal 
thermocline variability (GIRISHKUMAR et al., 2013) 
including aspects of the dynamic and thermodynamic 
characteristics of the northern Indian Ocean have been 
investigated in earlier studies (MCCREARY et al., 1993). 
However, there are fewer modeling studies on the BoB’s 
response to realistic cyclonic winds than on those in the 
Pacific and Atlantic oceans. Most of the earlier researches 
on the BoB’s response to TCs were based on the in situ 
investigations in which the temporal coverage was limited. 
Moreover, in some cases, the BoB’s response to idealized 

cyclonic vortices were investigated. Modeling studies on 
the BoB’s response to super cyclonic storms were not 
given much attention in earlier studies. Hence, studies 
on TCs’ impact on the upper ocean calls for the close 
attention of the scientific community for the advanced 
understanding of the cyclone-ocean interaction processes 
in different seasons. Moreover, research has revealed that 
accurate modeling of the ocean’s response to a TC has 
been problematic due to a lack of realistic and quality 
wind field studies (MOREY et al., 2006). However, 
the pioneering research of JELESNIANSKI; TAYLOR 
(1973); HOLLAND (1980); GEORGIOU (1985); CARR; 
ELSBERRY (1997) and more recently WILLOUGHBY et 
al. (2006) has presented the techniques for TC wind field 
modeling. Such models make use of the characteristics of 
cyclones as an input parameter in generating cyclonic wind 
fields for driving numerical models.

Figure 1. Study domain with bottom topography contours of the Bay 
of Bengal (North Indian Ocean).

This present study investigates the oceanic response 
to one of the most severe cyclones ever over the BoB, 
the Orissa Super Cyclone 1999, using the high-resolution 
Princeton Ocean Model (POM). The POM was forced 
with a high-resolution synthetically generated wind field 
(CARR; ELSBERRY, 1997) embedded with QSCAT/
NCEP (NASA Quick Scatterometer (QSCAT) blended 
with NCEP re-analysis fields).

MATERIAL AND METHODS
The Tropical cyclone wind profile model (CARR; 

ELSBERRY, 1997; CHU et al., 2000) is based on the 
angular momentum balance to compute the wind vector 
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relative to the center of the tropical cyclone to establish 
a high-resolution surface wind field for the Orissa 
super cyclone, 1999. The model produces the distinct 
asymmetrical wind structure of a moving cyclone. The 
translational velocity of the system causes enhanced 
wind flows on the right side of the moving cyclone and 
diminished wind flow on the left side. This asymmetrical 
wind forcing contributes significantly to the presentation 
of the impact of the cyclone on ocean thermal structure 
and current patterns (VENEZIANO, 1998).

The cyclone track characteristics utilized are from 
JTWC (U.S. Navy Joint Typhoon Warning Centre at 
Guam). The synthetic asymmetric cyclonic winds are 
generated by taking into account the cyclone parameters 
such as size (Ro), distance from the center of the cyclone (r), 
radius of maximum tangential velocity (Rm), translational 
velocity (Vt) and coriolis parameter (f).

The model cyclone has tangential (vc) and radial (uc) 
wind components varying with the radial distance (r) and 
which are given as follows:

Where, γ = inflow angle of the wind, α = r/ Rm (scaling 
factor), x = positive constant < 1 and taken as x = 0.4. The 
superimposition of the synthetic wind field with real time 
QSCAT/NCEP wind data to get the total wind vector (V) 
is done in a line similar to that of VENEZIANO (1998), 
as follows.

V V V V1 c t bgf f= - + +^ ^h h

/ / .c c c r Ro1 0 94 4f = + =

(3)

tanU r V rc cc=^ ^ ^h h h (2)

ocean winds and used in driving the model as realistic 
cyclonic winds. KLEIN (2008) and LIANG et al. (2012) 
have used QSCAT/NCEP winds in forcing the numerical 
ocean model in their studies. QSCAT/NCEP blended ocean 
wind data from Colorado Research Associates are derived 
from the spatial blending of high-resolution satellite data 
(Seawinds instruments of the QuickSCAT satellite-QSCAT) 
and global weather center re-analysis (NCEP). They have 
global coverage with high temporal and spatial resolutions 
(6-hourly and 0.5° x 0.5°) (http://dss.ucae.edu/datasets/
ds744.4).

The blended product merges the high wave-number 
information available from observations with high 
frequency numerical weather prediction fields (CHIN 
et al., 1998; MILLIFF et al., 1999). The method uses the 
spectral properties of the observed winds to synthesize 
high wave-number winds at times and locations for which 
no observations exist (GILLE, 2005). NCEP operational 
forecast model surface wind analyses have been trilinearly 
interpolated to the QSCAT wind vector cell locations and 
sample times (MILLIFF et al., 1999). Satellite data are based 
on Direction Interval Retrieval with Threshold Nudging 
(DIRTH) algorithm centered on the analysis time. Quality 
control of this global uniform coverage data is based on 
CHIN et al., 1998 and MILLIFF et al., 2004. In order to avoid 
duplication no further correction/comparison is repeated as 
between NCEP and QSCAT, i.e. (QSCAT/NCEP) datasets. 
The cubic spline interpolation technique is used to bring 
the superimposed wind fields to match the resolution of 
the model. The 6-hourly evolutions of superimposed wind 
vectors plots from 0600 UTC 26 to 1800 UTC 29 October 
1999 are generated and the 24-hour time interval from 26 to 
29 October 1999 at 00UTC of each day is shown in Figure 
2 (DAS et al., 2016). The reference wind vector (arrow) 
representing the magnitude of wind velocity is 45 m/s for all 
the plots, though magnitude varies on different days of the 
storm’s passage. The maximum value of superimposed wind 
during the life stage of the storm was ~71.43 m/s, that is in 
accordance with the JTWC reports of ~70 m /s.

The Ocean Model
Model configuration, forcing fields

This study has been conducted using POM numerical 
simulations of the BoB. The POM was developed at the 
Geophysical fluid Dynamical Laboratory (GFDL) of 
Princeton University, USA for the simulation of coastal, 
regional and global ocean characteristics. The POM is 

/ / /V r fo R Ro r r2 1c
X 4 4q a a= - +^ ^h h6 @ (1)

(4)

Where, Vc = cyclone wind vector, Vbg = background 
wind field, Vt = storm translational velocity, and ‘ε’ is 
computed by

Where the other symbols have their usual meanings.
It is evident (Or, Evidence is given showing) that 

satellite-derived winds and high resolution atmospheric 
reanalysis wind products have difficulty in representing 
TCs, especially their intensity and track, realistically 
(SCHENKEL; HART, 2012). The reconstruction (synthetic 
generation) of TC winds thus becomes necessary to 
overcome the significant underestimation of TCs’ high 
wind situation (WANG et al., 2012a, b). Hence, tropical 
cyclone model generated 6-hourly synthetic vortices (26-29 
October 1999) were superimposed QSCAT/NCEP blended 
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Figure 2. Cyclone wind field model generated surface wind fields superimposed with QSCAT/NCEP over the BOB on October 26-29, 1999, 
representing the Orissa super cyclone.

that the POM could well reproduce oceanic features. POM 
has been applied in the BoB (MAHAPATRA et al., 2007) 
and the Arabian Sea (RAO et al., 2010) in the India Ocean 
to simulate the ocean’s response to cyclones. CHU et al. 
(2000, 2001) have applied the POM in the South China Sea 
(SCS) and captured its oceanic characteristics well. EZER 
(2000) configured POM in the north-east Atlantic and the 
Gulf of Mexico. HONG et al. (2012) have implemented 
the POM in the northwestern Pacific Ocean.

The model used in this study extends from 10.0° to 
22.0° N and 80.0° to 100.0°E (Figure 1). The orthogonal 
curvilinear grid with Arakawa C-grid staggering 
(HALTINER; WILLIAMS, 1980) with a variable 
horizontal grid resolution of 4 to 12 km is configured. 
The model has 250 x 250 horizontal grid points and 26 
layers in the vertical dimension (the majority of these 
layers are located in the upper levels to better depict the 
cyclone-related mixed layer processes and the upper 
ocean/surface current system). The model uses the bottom 

a primitive equation ocean model with hydrostatic and 
Boussenisq approximations on a three-dimensional grid 
with complete thermodynamics that includes realistic 
topography and a free surface. It is a general circulation 
as well as a coastal ocean model that provides a dynamic 
connection between the general circulation of the deep 
ocean and the variation of coastal waters (BLUMBERG; 
MELLOR, 1987). It has a second-order turbulence closure 
scheme (MELLOR; YAMADA, 1982) to parameterize 
vertical mixing and SMAGORINSKY (1963) eddy 
viscosity to parameterize horizontal mixing. The model 
has the sigma vertical coordinate (terrain-following) 
system to handle complex topographies and shallow 
regions and a curvilinear grid to better handle the coastline 
(BLUMBERG; MELLOR, 1987). The model has the 
mode splitting time - steps of the barotropic (external) and 
baroclinic (internal) mode to save computer resources. 
Details of this model can be found in the POM user’s 
guide (MELLOR, 2004). Previous studies have indicated 
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Meteorological Department) at New Delhi. Subsequently, 
the cyclonic storm moved northwestwards and had taken 
the position 17.5° N 90.6°E by 1200 UTC on 27 October 
1999. The maximum wind speed was ~32.5 m/s as reported 
by JTWC. Having continued to intensify northwards into 
a severe cyclonic storm with a core of hurricane winds, it 
lay at 18.9°N, 88.1°E by 1200 UTC on 28 October 1999 
(IMD) and the maximum wind speed as analyzed by JTWC 
was ~50.0 m/s. The TC then continued moving westward 
and prior to its landfall on 29 October 1999, positioned 
at 18.5°N, 88.0°E at 1200 UTC, it turned into a ‘Super 
Cyclone’ from a very severe cyclonic storm and crossed 
the coast near Paradeep between 0300 UTC and 1200 UTC 
on 29 October 1999. The Maximum sustained winds as 
reported by JTWC were ~70.0 m/s with minimum central 
pressure of 912 hpa (KALSI, 2006; IMD). The track of 
the Orissa super cyclone 1999 (JTWC) is shown in Figure 
3. MOHANTY et al. (2004) and KALSI (2006) in their 
studies have discussed the characteristics of the storm in 
detail. These characteristics presented an opportunity for 
conducting a numerical experiment to study the oceanic 
response of the BoB to this storm.

The experiment is initially carried out starting with a 
null initial velocity and three-dimensional temperature and 
salinity climatological fields (LEVITUS; BOYER, 1994; 
LEVITUS et al., 1994), forced by monthly mean wind 
stress (CHIN et al., 1998; MILLIFF et al., 1999), before 
proceeding to the real time model simulations. Further, the 
model integration was performed for 3 months 24 days 
and its final state was taken as the condition of the BoB on 
October 25, 1999 (The model’s year consists of 360 days, 

topography derived from the Earth Topography and Ocean 
Bathymetry Database (ETOPO5) at 5-min. resolution 
from the NGDC (U.S. National Geophysical Data Centre, 
http://www.ngdc.noaa.gov) database as shown in Figure 
1. A bilinear interpolation has been used to obtain depths 
on computational grids and simultaneously depths are 
smoothed to remove the spurious along-slope current 
caused by the topographic variation in a sigma coordinate 
model (HANEY, 1991).

The two-dimensional external mode uses a short 
time-step of 12 sec. based on the external wave speed, 
while a three-dimensional internal mode uses a long 
time-step of 540 sec. based on the internal wave speed. 
The Courant-Fredrick-Levy (CFL) condition has been 
followed for computational stability. An implicit time 
integration scheme with splitting mode time steps are used 
for computational efficiency. The atmospheric forcing 
includes wind and heat plus salinity flux forcing for the 
BoB application of POM. Runoff (river discharge) has 
not been taken into account in this study. No advective or 
diffusive heat, salt or velocity fluxes occur through closed 
lateral boundaries, i.e. the modeled ocean bordered by land 
(CHU et al., 2000). At open boundaries, the numerical 
grid ends but the fluid flow is unrestricted. When the water 
flows into the model’s domain, temperature and salinity at 
the open boundary are likewise prescribed from the mean 
monthly climatology data (LEVITUS; BOYER, 1994; 
LEVITUS et al., 1994). Radiative boundary conditions 
are prescribed for momentum and thermal variables at 
the lateral open boundaries when water flows out of the 
domain (HANEY, 1971; CHU et al., 1988).

Experiment Design
Numerical model experiments are conducted to 

study the case of the Orissa Super Cyclone 1999. This 
cyclone was initially formed over the SCS on 23 October 
at 0200 UTC, and tracked through the Gulf of Thailand 
and across the Malay Peninsula on 24 October 1999. 
Further, it continued moving westward at the rate of slow 
intensification before developing over the Andaman Sea. 
The Orissa super cyclone first entered the BoB late on 
25 October 1999 as a tropical depression (12.5 m/s, i.e., 
25 knots, 1 knot = 0.5 m/s) centered at 12.8°N, 98°E at 
1200 UTC as suggested by wind analyses from JTWC 
at Guam. By 1200 UTC on 26 October 1999, it slowly 
translated northwards and intensified into a cyclonic storm 
(17.5 m/s, JTWC) and lay at 14.8°N, 94°E as reported by 
Indian Daily Weather Reports issued by the IMD (India Figure 3. Track of Orissa super cyclone 1999 (JTWC).
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i.e. has 30 days per month, so that day 361 corresponds 
to 1 January) and considered as the initial condition for 
the experimental stage. During the experimental stage, the 
model was integrated for 3 days (0600 UTC 26 to 0600 
UTC 29 October 1999), forced with the superimposed 
6-hourly winds and the heat plus salinity flux (DA SILVA 
et al., 1994) fields. Since the average life period of tropical 
cyclone in the BoB (NIO) is ~2-3 days as against the world 
average of ~6 days (RIEHL, 1979). That is, cyclones are 
comparatively short-lived in this area. The model fields 
are stored at 6 hour-intervals and the instantaneous snap 
shots at 1800 UTC on 26, 27 and 28 October and 0600 
UTC on 29 October 1999 are used for the graphs and the 
discussion.

The results of the model’s simulations of the Orissa 
super cyclone 1999 on SSTs, the vertical thermal and mixed 
layer depth, surface and subsurface current structures, as 
also the BoB’s upper ocean response to the cyclone are 
discussed here.

RESULTS AND DISCUSSION
Sea surface temperature (SST) cooling

The SST cooling response due to the passage of the 
cyclone is a striking phenomenon. Figure 4 shows the 
comparison of the evolution of SST induced by the cyclone 
in its different life stages from 26 October to 29 October 
1999. The observed SST's are in the left panel of Figure 4 
(TRMM/TMI filled up) and the modeled SSTs are shown 
in the right panel. The cyclone’s track during its passage 
on the various days (25-29 October) are superimposed 
with the spatial plots (maps). Model simulated SST 
showed pronounced variations in the temperature fields 
on the different days of the cyclone’s passage. As the 
cyclone moved northwestwards, the cooler SST, coupled 
to the cyclone’s centre moved along with it. In the early 
integration when the cyclone was a relatively less intense 
system (26 and 27 October) as shown in Figure 3, its wind 
speed was relatively lower and it moved faster (~ 4.5 -5.0 
m/s, JTWC) and no obvious SST cooling centre was formed. 
On 28 October, however, a well marked cooling centre was 
observed due to the coupling of comparatively higher wind 
speeds with those of ocean, though the cyclone’s movement 
was faster (~ 6.0 m/s, JTWC; as shown in Figure 3) than 
on the previous day. The SST’s cooling becomes more and 
more obvious on 29 October due to high wind stress and 
the relatively slower movement (~3.5 m/s, JTWC) of the 
cyclone and the maximum SST cooling approaches the 

cyclone’s centre on either side (PRICE, 1981; STRAMMA 
et al., 1986). The SST’s cooling during the passage of a 
cyclone could be attributed to the combined effect of the 
relatively slower movement of the cyclone and the mixing 
due to high wind stress (PRICE, 1981; VINCENT et al., 
2012a, b, c; WANG et al., 2012a, b). The modeled SST and 
the TRMM/TMI-derived daily SST during the same period 
are qualitatively compared. The modeled SST on 28 and 
29 October shows greater cooling than the observed SST, 
thus indicating some discrepancy (Figure 4). Since river 
discharges have not been considered and the model is 
forced with the large scale product of precipitation fields 
(DA SILVA et al., 1994), this may lead to the discrepancy. 
Moreover, a pronounced rightward bias in SST cooling with 
respect to the cyclone track on 28 October was observed, 
because of the dominant wind stress forcing towards the 
right of the cyclone track (right asymmetry). BEHERA 
et al. (1998); SUBRAHMANYAM et al. (2005); RAO et 
al. (2007); MANEESHA et al. (2012); WANG and HAN 
(2014) have indicated a rightward bias in SST cooling 
in the BoB during a cyclone. Studies in other oceanic 
basins, namely those by SHAY et al. (1992) for hurricane 
Gilbert (1998), WADA (2005) for Typhoon Fex (1998), 
VENEZIANO (1998) for TC Ernie (1996) and ZEDLER 
(2009) for Hurricane Felix have also revealed the rightward 
bias in SST cooling. However, when the slower translating 
cyclone was approaching the coastline on 29 October, 
the model depicted SST cooling to the left instead of the 
right of the cyclone track in contrast to the common belief 
that the maximum cooling always occurs to the right of 
the cyclone. This less commonly observed feature during 
cyclones could be attributed to the southward propagating 
coastal jet (boundary layer current) which changes the wake 
of SST cooling to the left side. JAIMES; SHAY (2015) 
have explained the leftward bias stating that the boundary 
layer current/coastal jet with eddies can provide vorticity 
relative to the background flow and potentially modify the 
hurricane’s wake during the forced stage of the response. 
PRICE (1981) states that the leftward bias in the SST field 
is due to the small translation speed. Through satellite 
observations (SADHURAM, 2004) and modeling studies 
(MAHAPATRA et al., 2007) the leftward bias in SST 
cooling in the BoB has also been evidenced. The difference 
in SST relative to that of 25 October (the SST of 25 October 
is termed pre-storm condition SST), approximating to an 
SST anomaly due to the cyclone, attained its maximum 
on 29 October - amounting to ~ -4.0° C; however on 28 
October, the SST anomaly was of ~ -3.5° C (Figure 5).
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Figure 4. Comparison of the observed (TRMM/TMI) SST (Left panel) fields with modeled SST (Right panel).

Vertical thermal structure and subsurface 
temperature anomaly, mixed layer depth 
(MLD) variation and surface /subsurface cur-
rents

Three transects in the study area (BoB) have been chosen 
for the study of the vertical thermal structure, thermal anomaly, 
MLD variation and subsurface current structures. Vertical 
thermal structures along the three zonal transects [transect-I 
(20.5°N), transect-II (19.3°N) and transect-III (17.7°N)] are 
studied.

Along transect-I, as shown in Figure 6, the left, middle 
and right panels represent the vertical thermal structures 
during pre-storm condition, storm condition (29 October, 

1999) and thermal structure anomaly (relative to pre-storm 
condition), respectively. From Figure 6, it is evident that 
during the study period the vertical thermal structure showed 
the pronounced variation in model simulated temperature 
fields when compared with the initial fields (pre-storm 
conditions). The isotherms slope up due to the vertical pull of 
deeper (subsurface, cooler) waters through surface divergence 
and upwelling under storm conditions. The 27.5°C isotherm 
has upsurged to the surface and the warming zone (pre-storm 
condition) as represented by the 28.00C isotherm at the 
surface at ~ 89.2° E has migrated eastwards, along transect-I. 
The subsurface cooler waters have come up to the surface 
on the western side of this transect. The 28.00C isotherm at 
~ 60 m depth has risen to the surface. Such results have been 
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Figure 5. SST anomaly on 28 and 29 October 1999 relative to pre-storm conditions (Contours with dashed lines show SST cooling).

reported in earlier studies by WADA (2002). The upswing 
of isotherms could be observed up to the depth of more than 
150 m. The vertical influence of TCs up to a depth of >250 
m has been reported in the BoB by GOPALAKRISHNA 
et al. (1993). The difference in vertical subsurface thermal 
structure as between pre-storm and storm conditions, i.e., the 
subsurface vertical temperature anomaly quantifies the actual 
cooling in the water column due to the passage of the cyclone. 
A cooling of about 2.0°C (depth ~ 60 m subsurface) has 
occurred beneath the cyclone centre along transect-I, which 
could be attributed to vertical advection and mixing.

The changes in vertical thermal characteristics during 
cyclones in comparison to pre-storm conditions along 
transect-II are also described (Figure not shown). Along 

this transect, the 25.5°C isotherm at ~58 m depth has risen 
to the surface, the 29.0°C isotherm at 88.8°E has migrated 
eastwards as far as 92.0°E and a pronounced cooling of 
surface waters i.e., a decrease in surface water temperature 
from 28.0°C to 26.5°C has occurred as compared to pre-
storm conditions. The cooling of waters by ~ -4.5° C at ~ 
60 m depth due to upwelling as a negative anomaly and 
a corresponding warming of ~ 4.0°C due to intense down 
welling has also been considered a positive anomaly 
effect away from the storm centre at the depth of ~ 100 
m. ZEDLER et el. (2002) also indicated the subsurface 
warming between 40 and 70 m depth during hurricane Felix. 
Similarly, along transect III (Figure 7), it is obvious that 
the warming zone of the pre-storm condition at the surface 

Figure 6. Vertical thermal structure and anomaly along transect I.
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from 86°E to 94°E represented by the 29.0° C isotherm is 
eroded by relatively cooler isotherms of 28.0°C from 86° 
to 91°E under storm conditions. This could be attributed to 
the upward movement of subsurface cooler waters during 
the storm along this transect. Subsurface cooling of about 
-3.5°C (~60 m) has been observed and the compensating 
warming (~1.5°C) due to downwelling waters away from 
the centre of the storm at a depth ranging from ~ 60 to 80 
m is also observed. Though warming could be observed 
on either side of the storm away from the storm’s core 
region along this transect, more subsurface warming was 
reflected to the left than to the right side. RAO et al. (2010) 
in their simulation studies of the Arabian Sea (North Indian 
Ocean) also suggest the subsurface warming and surface 
cooling during the passage of a cyclone and confirmed 
their findings through observed data. The features of these 
vertical thermal structures clearly depict the upper ocean’s 
response to the cyclone.

Mixed layer depth (MLD)
The mixed layer depth was found by searching for the 

depth at which the temperature was at least 0.50C lower 
than that at the surface, following a line of thought similar 
to LEVITUS’s (1982). EZER (2000) has also used the 
temperature criterion in determining MLD in his study. 
A temperature gradient based scheme was used by ALI 
and SHARMA (1994) for estimating the MLD of the 
equatorial Indian Ocean. However, LEVITUS (1982) used 
this definition as well as a density based one, but in this 
study the temperature criterion has been followed.

The depth versus longitude plots of the model-derived 
mixed layer depth (solid black line over the colour filled 

isotherms) during the study period in the study area along 
the three zonal transects (I, II and III) are presented. The 
result indicates that as a cyclone moves northwestwards, 
considerable variations in MLD occur when compared 
with the pre-storm conditions - as shown in Figures 8 
and 9, for transects I and III respectively (The Figure 
for transect II is not shown). The deepening of the MLD 
(relative to the pre-storm condition of 28 and 29 October) 
has occurred to the left of the storm track - which could 
be attributed to the convergence of the near surface flow 
at the periphery of a cyclone, followed by the entrainment 
and mixing and hence deepening of the MLD (Figure 8).

However, beneath the cyclone’s centre, in the 
direction of the track, the upsloping of isotherms due to 
the surface divergence and upwelling, causes the shoaling 
of the MLD (with a reduction of its thickness) (Figure not 
shown). Along transect-I, under pre-storm conditions the 
MLD varied from ~5 to 65 m thick. On 28 and 29 October 
the MLD values ranged from ~12 to 72 m and ~18 to 100 
m, respectively, i.e., within a 24-hour interval the MLD 
had deepened by ~30 m overall along this transect. But 
as a cyclone moved northwestwards the MLD’s thickness 
has diminished. It may be observed that under pre-storm 
conditions the maximum value for the thickness of MLD 
(~65 m) was extended from about 91.0° E. On the other 
hand, during the passage of a cyclone the maximum value 
of the thickness of MLD (~ 32 m) has receded to as far 
as 88.0° E. ZEDLER et al. (2002) reported a maximum 
MLD of ~50 m during the passage of Hurricane Felix in 
their observational and simulation studies using different 
parameterization schemes in the Bermuda testbed mooring 
site. This shoaling of the MLD could be due to upwelling 
processes. In the southwestern part of the BoB, that is, 

Figure 7. Vertical thermal structure and anomaly along transect III.
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Figure 8. Mixed layer depth variation along transect I.

Figure 9. Mixed layer depth variation along transect III.

along transects II and III, it is to be observed that MLD 
is shallower than on transect I. SUBRAHMANYAM et 
al. (2005) have also indicated a shallower MLD during 
the passage of a cyclone over the BoB. They attributed 
the moisture convergence to the shallower MLD, which 
inhibits further MLD development (deepening) during 
cyclones. These results suggest that cyclone-induced 
divergence (at a cyclone’s centre) and convergence away 
from the centre are responsible for the variation in the 
MLD.

Surface and subsurface currents
Modeled surface currents during the passage of a cyclone 

over BoB from 26 to 29 October are shown in Figure 10. 
The average of 4 days from 26 to 29 October is also shown 
compared with 5-day interval OSCAR (Ocean Surface Current 

Analyses - Real time) surface currents. These data are available 
at 5-day intervals with 1/3 degree spatial resolution and hence 
the surface current centred at 27 October 1999 is used to 
compare with the daily simulations as well with the 4-day 
(26-29 October) average of daily simulations. The magnitude 
of the surface currents is represented with 200 cm/s (2.0 m/s) 
reference arrow vectors for all the plots. Surface current 
velocity varies with each day of the cyclone’s passage. From 
the Figure, it is evident that modeled surface currents show the 
outflow from the cyclone’s centre which produces very strong 
divergence in the upper layer currents, more conspicuous on 
28 and 29 October.

The maximum magnitude of the flow is located to 
the right of the storm track in the open oceanic region of 
the BoB as indicated by the color shades of the current 
vector’s magnitude (Figure 10). This right asymmetry 
could be explained by the direction of the rotation on 
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Figure 10. Modeled surface currents comparison with OSCAR surface currents.

either side of the track with respect to time. The inertial 
forces turn the ocean currents in the same (opposite) 
direction as the wind stress on the right (or left) side 
of the track (CHU et al., 2000). But when the cyclone 
approaches the coast the current patterns do not show 
the right bias due to the coastal interaction. A strong 
southerly coastal jet parallel to the coast (near 19.3° 

N at Gopalpur, Orissa, on the east coast of the Indian 
subcontinent) with a magnitude of surface current ~ 350 
cm/s (maximum) is depicted by the model. However, 
modeled surface currents are not closely coherent with 
OSCAR surface currents, though some of the important 
features like higher values of boundary layer currents are 
captured. This is clearly seen from the cross-section of 
the v - component of current fields taken along transect-II 

on 29 October (Figure 11). The magnitude of current 
varying from 250-350 cm/s in the zonal cross-sectional 
plots is also reflected. The model produces very intense 
vertical shear across the base of the mixed layer with 
50 cm/s northward flow in the mixed layer and 50 cm/s 
southward flow on the thermocline on 28 Oct (Figure 
11). The same cross-sectional features are also observed 
on transect-I but of lower magnitude (~ 200 cm/s) of the 
current’s v-components. Along transect-I, on 28 October 
the vertical shearing zone is turning to 180° indicating 
the phase reversal with northward flow in the mixed 
layer, which was produced by wind stress. However, the 
southward component of currents on the thermocline was 
produced by the pressure gradient effect (VENEZIANO, 
1998). On 29 October, the strong northward v-component 
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of currents with magnitude of ~200 cm/s and southward 
v-component of currents with magnitude of ~150 cm/s 
were simulated by the model. Based on the cyclone’s 
forward speed, the maximum surface current estimated 
by GREATBATCH (1983) was 270 cm/s. The POM-
modeled maximum surface current magnitude was 200 
cm/s for storm Ernie (1996) as indicated by CHU et al. 
(2000) for SCS. Similarly, the maximum magnitude of 
simulated surface currents for hurricane Rita (2005) was 
~280 cm/s and for hurricane Katrina (2005) ~350 cm/s 
in the region of the Gulf of Mexico (OEY et al., 2005). 
The model simulated surface currents during a cyclone 
over the BoB in the present study are comparable with 
those results.

Results show that strong current shear across the base 
of the oceanic mixed layer induces a significant amount of 
mixing and SST cooling occurs due to the strong cyclonic 
wind (stress). Moreover, when the initial MLD (i.e., of 
pre-storm conditions) is shallow, the temperature cooling 
is more pronounced.

Pom Model Verification
TRMM / TMI filled up sea surface temperature (SST) 

is used to verify the POM-modeled SST fields. The POM 
simulated SST fields show some agreement qualitatively 
with observations along the path on the various days of the 
cyclone’s passage. However, the SST cooling observed, 
especially on 28 and 29 October does not agree with 
the modeled SST, there being a stronger response in the 
model. This discrepancy could be due to the precipitation 
forcing described by DA SILVA et al. (1994), which 
is a large scale product and the non-inclusion of river 
discharge in the model. For a quantitative evaluation of the 
model’s performance the root mean square (RMS) error 
between the simulated SST and the TRMM/ TMI filled up 
SST is computed (Figure 12). The RMS error from 26 to 
29 October ranged between 0.86 and 1.07°C. RMS errors 
of 0.7 to 1.3°C were evaluated by CHU et al. (2000), 
who used the Multichannel Sea Surface Temperature 
(MCSST) data obtained from the polar orbiting Defense 
Meteorological Satellite Program (DMSP) to verify 

Figure 11. Zonal cross-section of modeled v current (cm/s) along transects II (upper panel) and I (lower panel).
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model. Highly divergent surface currents in the open 
oceanic regions that produced the strong upwelling were 
also reflected. Modeled surface currents show some 
deviation on comparison with OSCAR surface currents. 
Important features like the north-south coastal jet are 
produced by the model during the cyclone as a strong 
western boundary current, along the east coastal oceanic 
region of the Indian subcontinent, which OSCAR also 
reflected. However, in the coastal regions no right 
asymmetry in current structure could be observed. Model 
fields depicted the current shear between the mixed layer 
and the thermocline zone as a reversal current.

Although POM adequately simulated the BoB’s 
response to the Orissa super cyclone, 1999 much 
more work in modeling on ocean forcing by cyclones 
is required. 3-D temperature and salinity observations 
during the passage of the cyclones would improve the 
initialization of the model and more realistic results 
could be drawn. At the same time, the coupling of POM 
with the atmospheric components of the model (which 
could provide realistic momentum and thermal forcing) 
would be more useful in predicting and studying the 
cyclone’s genesis, intensification and dissipation 
processes.

ACKNOWLEDGEMENTS
We acknowledge our debt to the Ministry of Science 

and Technology (Science and Engineering Research 
Council) of the Government of India for the partial research 
grant (No.SR/FTP/ES-019/2003) under the SERC_FTYS 
program and to CAS, IIT Delhi for making their research 
facilities available to us. Our thanks are also due to the 
Atmospheric and Oceanic Sciences Program of Princeton 
University, the Geophysical Fluid Dynamics Laboratory 
of NOAA and to Dynalysis of Princeton for the Princeton 
Ocean Model (POM). The TRMM TMI data and images 
were produced by Remote Sensing Systems and supported 
by NASA’s Earth Science Information Partnership (ESIP): 
a federation of information sites for the Earth Sciences, 
and by the TRMM science team. QSCAT/NCEP data 
are produced by the NASA Quikscatterometer team. We 
would also record our gratitude to NGDC for bathymetry 
and other data, UCAR for QSCAT/NCEP data, OSCAR 
for surface current data and PMEL for ferret. The authors 
are grateful to the reviewer and the editor for their 
constructive comments for the improvement of the revised 
manuscript.

Figure 12. Root Mean Square error between TRMM/TMI SST and 
modeled SST.

the POM-modeled SST fields for cyclone Ernie (1996). 
However, the RMS error in the present study is on a par 
with the RMS error calculated for Ernie (1996) in SCS.

CONCLUSIONS
This study addresses the SST cooling, vertical 

thermal characteristics and surface/subsurface circulation 
responses due to the Orissa super cyclone, 1999 in the 
BoB, based on the POM model simulated results. The 
model was forced with the wind model generated wind 
fields superimposed with satellite derived and reanalysis 
(QSCAT/NCEP) blended ocean winds. Many expected 
features of the ocean’s response were produced by the 
model. Thermal response due to the cyclone is well 
simulated by the model. Analyses of the results show 
significant sea surface temperature (SST) cooling in the 
wake of the cyclone on different days of its passage. The 
higher SST cooling could be attributed to the combined 
effect of the relatively slower movement of the cyclone 
and the mixing due to cyclonic wind stress. However, not 
only is a rightward bias in SST cooling to be observed in 
this study but also the less commonly observed response 
of a leftward bias in SST cooling. The SST cooling 
depicted a stronger response in the model compared 
to the Tropical Rainfall Measuring Mission (TRMM) 
Microwave Imager (TMI) filled up SST. It is possible 
that a misrepresentation of the low salinity surface layer 
leads to the intense cooling of the surface temperature 
in the model as compared to that of observations. 
Vertical thermal response up to the depth of >200 m 
and the upsloping of the thermocline due to upwelled 
cooler water through surface divergence and the Ekman 
type of transport is well represented in the simulation. 
Surface cooling and considerable subsurface warming 
and variations in thickness of MLD are indicated by the 
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