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A B S T R A C T   

The north Indian Ocean accounts for 6% of the global tropical cyclones annually. Despite the small fraction, some 
of the most devastating cyclones have formed in this basin, causing extensive damage to the life and property in 
the north Indian Ocean rim countries. In this review article, we highlight the advancement in research in terms of 
ocean-atmosphere interaction during cyclones in the north Indian Ocean and identify the gap areas where our 
understanding is still lacking. 

There is a two-way ocean-atmosphere interaction during cyclones in the north Indian Ocean. High sea surface 
temperatures (SSTs) of magnitude 28–29 ◦C and above provide favorable conditions for the genesis and evolution 
of cyclones in the Arabian Sea and the Bay of Bengal. On the other hand, cyclones induce cold and salty wakes. 
Cyclone induced cooling depends on the translation speed of the cyclone, wind power input, ocean stratification, 
and the subsurface conditions dictated by the ocean eddies, mixed layer, and the barrier layer in the north Indian 
Ocean. The average cyclone-induced SST cooling is 2–3 ◦C during the pre-monsoon season and 0.5–1 ◦C during 
the post-monsoon season. This varying ocean response to cyclones in the two seasons in the Bay of Bengal is due 
to the difference in the ocean haline stratification, whereas, in the Arabian Sea, it is due to the difference in 
cyclone wind power input and ocean thermal stratification. The oceanic response to cyclone is asymmetric due to 
the asymmetry in the cyclone wind stress, cyclone induced rainfall and the dynamics of the ocean inertial 
currents. The cyclone induced wake is salty and is the saltiest in the Bay of Bengal among all the ocean basins. 
The physical response of the ocean to the cyclone is accompanied by a biological response also, as cyclones 
induce large chlorophyll blooms in the north Indian Ocean that last from several days to weeks. 

SSTs leading to cyclogenesis in the Arabian Sea are 1.2–1.4 ◦C higher in recent decades, compared to SSTs four 
decades ago. Rapid warming in the north Indian Ocean, associated with global warming, tends to enhance the 
heat flux from the ocean to the atmosphere and favor rapid intensification of cyclones. Monitoring and fore
casting rapid intensification is a challenge, particularly due to gaps in in-situ ocean observations. Changes in 
ocean-cyclone interactions are emerging in recent decades in response to Indian Ocean warming, and are to be 
closely monitored with improved observations since future climate projections demonstrate continued warming 
of the Indian Ocean at a rapid pace along with an increase in the intensity of cyclones in this basin.   

1. Introduction 

1.1. Overview of ocean-cyclone interactions 

Tropical cyclone genesis and intensification occur mainly over the 
regions where the sea surface temperatures (SSTs) are greater than 
26 ◦C, mid-tropospheric humidity is high, and vertical wind shear is low 
(Gray 1968). The ocean plays a dominant role in providing energy to the 
tropical cyclone through the exchange of latent and sensible heat fluxes 

between the ocean and the atmosphere (Ooyama, 1969; Emanuel, 1986; 
Vinod et al., 2014). Increased latent heat flux from the ocean to the 
atmosphere moistens the boundary layer and provides conducive con
ditions for cyclogenesis (Gao et al., 2019) and also plays a crucial role in 
its intensification (Gao and Chiu, 2010; Lin et al., 2014; Jaimes et al., 
2015; Gao et al., 2016). There is a two-way interaction between SSTs 
and tropical cyclones (Emanuel, 1986). SSTs significantly modulate the 
cyclone intensity (Kaplan and DeMaria, 2003). High SSTs, favor an in
crease in the intensity of tropical cyclones through heat flux transfer 
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from the ocean to the atmosphere (Emanuel, 1986). On the other hand, 
the cyclone passage across the ocean leads to a decrease in the SSTs, 
which in turn reduces the cyclone intensity due to a reduction in the 
transfer of heat flux from the ocean to the atmosphere (DeMaria and 
Kaplan, 1999; Cione and Uhlhorn, 2003; Lloyd and Vecchi, 2011). 
Cyclone induced cooling not only affects the intensity of cyclone but also 
has a pronounced effect on the cyclone size (Chen et al., 2010; Ma et al., 
2013) and structure (Zhu et al., 2004; Chen et al., 2010). The cold wake 
induced by the cyclone reduces the strength of the warm core and the 
secondary circulation of the cyclone gets weakened. The outward 
expansion of the cyclonic circulation is also hindered, which leads to a 
decrease in the cyclone size (Ma et al., 2013). Cyclone cools the ocean by 
multiple processes, such as friction-induced vertical mixing due to the 
high wind speed of cyclone, upwelling of cool subsurface water to the 
ocean surface, internal waves in the ocean due to tropical cyclone winds 
(Brooks, 1983; Shay and Elsberry, 1987) and air-sea heat fluxes (Shen 
and Ginis, 2003). Earlier studies for different ocean basins have shown 
that out of the different processes associated with the cyclone induced 
cooling, the vertical mixing associated with the upwelling dominates the 
cyclone cold-wake, with a share of 70–80% (Price, 1981; Jullien et al., 
2012; Vincent et al., 2012a). On the other hand, the cooling due to 
horizontal advection and enthalpy flux contributes only about 20% 
(Shay et al., 1992; Huang et al., 2009; Vincent et al., 2012a). For weak 

cyclones, the contribution of the enthalpy flux in the cooling becomes 
significant, for example, on the same order of magnitude than mixing, 
and eventually may be larger than the vertical mixing (Vincent et al., 
2012a). 

The effect of the ocean-cyclone interaction on the cyclone track is yet 
to be clearly understood. A few studies highlight that ocean-cyclone 
interaction improve the realistic representation of the cyclone track in 
the model and improve the climatological representation of cyclone 
tracks (Subrahmanyam et al., 2005; Jullien et al., 2014; Ogata et al., 
2015). Whereas other studies show that the tracks of the cyclones are 
generally not affected by the ocean-cyclone coupling (Zhu et al., 2004; 
Chen et al., 2010; Liu et al., 2011). 

1.2. Characteristics of the north Indian Ocean regulating the ocean- 
cyclone interactions 

As seen from the earlier discussion, multiple factors control the 
ocean-cyclone interaction which is dependent on cyclone and ocean 
characteristics. The north Indian Ocean sees significant seasonal varia
tions in the SST, salinity, the mixed layer and the barrier layer (Fig. 1). In 
the pre-monsoon season, the SSTs throughout the north Indian Ocean 
are high of the order of 29–30 ◦C (Fig. 1a). Whereas, in the post- 
monsoon season, the SSTs are roughly 1 ◦C cooler than the pre- 

Fig. 1. Climatology of (a-b) SSTs (◦C) 
(c-d) sea surface salinity (e-f) mixed 
layer depth (MLD, m) and (g-h) barrier 
layer thickness (BLT, m). The left panel 
is for the pre-monsoon (April–June) 
season and right panel is for the post- 
monsoon (October–December) season. 
The climatology of the SST and salinity 
is obtained from the World Ocean Atlas 
2018. The climatology of mixed layer 
depth and barrier layer thickness is ob
tained from de Boyer climatology of the 
mixed layer and barrier layer (de Boyer 
et al., 2007) where the mixed layer 
depth is defined as the depth at which 
the change in the density is 0.03 kg m− 3 

as compared to the density at the 
surface.   
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monsoon season (Fig. 1b). Similarly, salinity also has a seasonality 
variation especially in the Bay of Bengal (Fig. 1c-d). In the post-monsoon 
season, the Bay of Bengal has low salinity in the northeast part and high 
salinity in the southwest part of the basin (Rao and Sivakumar, 2003). 
The low salinity in the northern part of the Bay of Bengal in this season is 
mainly due to the oceanic rainfall and the huge river discharge into the 
northern Bay of Bengal (Shetye et al., 1996; Shenoi, 2002; Sengupta 
et al., 2006; Akhil et al., 2014; Chaitanya et al., 2014). It leads to the 
formation of a very strong near-surface halocline along the rim of the 
Bay of Bengal during the post-monsoon season. Due to the presence of 
freshwater at the surface, the mixed layer becomes shallower (Fig. 1f). 
This enhances the ocean stratification with freshwater at the surface and 
saline water in the subsurface (Vinayachandran et al., 2002) leading to 
the formation of a strong barrier layer (Fig. 1h) (Thadathil et al., 2007). 
This seasonal variation of barrier layer is absent in the Arabian Sea. 
However, the mixed layer depth in the Arabian Sea shows large seasonal 
variations as compared to the Bay of Bengal (Fig. 1e-1f) (Shenoi, 2002; 
Prasad, 2004; Babu et al., 2004; Narvekar and Prasanna Kumar, 2006). 
The lack of seasonal variability in the mixed layer is mainly observed in 
the north Bay of Bengal due to haline stratification. In the south Bay of 
Bengal the mixed layer depth shows seasonal variability with a deep 
mixed layer in the monsoon and winter season and a shallow mixed 
layer in the spring and autumn season. All these ocean characteristics 
have a pronounced impact on the ocean-cyclone interaction as will be 
discussed later. 

1.3. Statistics of cyclones in the north Indian Ocean 

The north Indian Ocean, including the Arabian Sea and the Bay of 
Bengal, has two cyclone seasons in a year, during April–early June (pre- 
monsoon season), and October–December (post-monsoon season). The 
pre-monsoon and post-monsoon cyclone seasons are separated by the 
monsoon season during June–September. Cyclones, generally do not 
form in the monsoon season due to the strong wind shear prevailing in 
this season (Li et al., 2013). The north Indian Ocean accounts for 6% of 

the tropical cyclones globally (Fig. 2, Neumann, 1993; Ali, 1999). 
Despite the relatively smaller number of cyclones, more than 80% of 
global fatalities occur due to tropical cyclones in this region, mostly due 
to coastal flooding (Beal et al., 2020). Several of the most devastating 
cyclones that formed in the Bay of Bengal caused extensive casualties in 
the Bay of Bengal rim countries, particularly in India, Bangladesh, and 
Myanmar (Madsen and Jakobsen, 2004; Kikuchi et al., 2009; McPhaden 
et al., 2009). Basin-wise, the Bay of Bengal cyclone contribution is 4%, 
and the Arabian Sea cyclone contribution is 2% to the annual global 
frequency of the cyclones (Fig. 2). These statistics based on the recent 
data (1980–2019) is similar to the earlier reported statistics (Alam et al., 
2003). High SST, higher moisture content over the Bay of Bengal and the 
propagation of disturbances from the northwest Pacific Ocean into the 
Bay of Bengal leads to a higher frequency of cyclones in this basin as 
compared to the Arabian Sea (Sahoo and Bhaskaran, 2016; Singh et al., 
2019). 

Fig. 3 shows cyclone tracks in the pre-monsoon and the post- 
monsoon season in the Arabian Sea and the Bay of Bengal during the 
period 1980–2019. During the pre-monsoon season, 26% of the north 
Indian Ocean cyclones intensify to category 3 or higher intensity 
cyclone, while this number goes down to 15% during the post-monsoon 
season. During 1980–2019, the strongest cyclone in the Arabian Sea is 
Cyclone Gonu in June 2007, with a maximum wind speed of 145 knots. 
Whereas, the strongest cyclone in the Bay of Bengal is Cyclone Fani in 
April 2019, with a maximum wind speed of 150 knots. It can be seen that 
in the Bay of Bengal, out of the two cyclone seasons, more cyclones form 
in the post-monsoon season, which is mainly because of the high relative 
humidity in this season (Li et al., 2013). 

1.4. Cyclone interactions with subseasonal (MJO) and interannual 
(ENSO and IOD) variability 

Along with the local interaction of cyclones with the ocean, the 
frequency and intensification of the cyclones in the north Indian Ocean 
are also influenced by the Madden-Julian Oscillation (MJO) at the 
subseasonal scale (Krishnamohan et al., 2012; Singh et al., 2020). MJO 
is characterized by an eastward propagating band of enhanced con
vection in the tropical belt close to the equator and has a periodicity of 
30–60 days (Madden and Julian, 1971; Roxy et al., 2019). The cyclone 
genesis in the north Indian Ocean gets clustered in the region of 
enhanced low-level relative vorticity, low to mid-level relative humidity 
(Singh et al., 2021) and reduced wind shear (Tsuboi and Takemi, 2014) 
associated with the MJO (Liebmann et al., 1994; Roman-Stork and 
Subrahmanyam, 2020). 

The cyclone activity in the north Indian Ocean is also affected at the 
interannual timescale by the changes in the large-scale ocean-atmo
sphere conditions such as El Niño Southern Oscillation (ENSO). An in
crease in cyclone frequency, intensity and higher rate of rapid 
intensification of cyclone is observed especially in the Bay of Bengal 
during La Niña years as compared to the El Niño years (Felton et al., 
2013; Girishkumar et al., 2015; Mahala et al., 2015; Bhardwaj et al., 
2019). This is due to favorable atmospheric conditions such as anoma
lous high relative humidity, high relative vorticity and anomalous low 
wind shear in the Bay of Bengal during the La Niña years (Ng and Chan, 
2012; Felton et al., 2013; Bhardwaj et al., 2019). 

Similar to ENSO, Indian Ocean Dipole (IOD) also has a significant 
effect on the cyclone frequency in the north Indian Ocean (Yuan and 
Cao, 2013; Li et al., 2016). A positive IOD is characterized by anomalous 
cooler SSTs in the eastern tropical Indian Ocean and anomalous warmer 
SSTs in the western tropical Indian Ocean (Saji et al., 1999). Whereas, a 
negative IOD is characterized by anomalous warmer SSTs in the eastern 
tropical Indian Ocean and anomalous cooler SSTs in the western tropical 
Indian Ocean (Saji et al., 1999). During negative IOD years, anomalous 
warm SSTs and favorable atmospheric conditions such as enhanced 
relative vorticity and relative humidity in the eastern tropical Indian 
Ocean coupled together provide favorable conditions for cyclone 

Fig. 2. Percentage and the total number of cyclones in each ocean basins, 
during the period 1980–2019. 4% of total cyclones occur in the Bay of Bengal 
and less than 2% occur in the Arabian Sea. The total number of cyclones in the 
north Indian Ocean is less than 6% only, but accounts for more than 80% of the 
global fatalities due to cyclones. The cyclone data is obtained from the 
IBTrACS dataset. 
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formation in the Bay of Bengal (Mahala et al., 2015; Li et al., 2016). 
The key objective of the current review is to provide an overview of 

the scientific progress in our understanding of ocean-cyclone in
teractions in the north Indian Ocean and to identify the gap areas where 
our understanding is still lacking. Section 2 details the various indices 
used to study cyclone characteristics and the methodology used. Section 
3 discusses the role of the ocean in modulating cyclone characteristics 
and section 4 discusses the ocean dynamics in response to the cyclones. 
Section 5 assess our understanding of ocean biological response to cy
clones. In section 6, we highlight the coupled interactions between the 
north Indian Ocean cyclones and the climate system. Section 7 discusses 
the observed and projected changes in ocean-cyclone interactions and 
section 8 summarizes and the key points along with the knowledge gap 
area in ocean-cyclone interactions. 

2. Data, methodology and cyclone metrics 

The review on ocean-cyclone interaction is supplemented by 
extending the analysis with cyclone data from the International Best 
Track Archive for Climate Stewardship (IBTrACS) cyclone dataset 
(Knapp et al., 2010), for the period 1980–2019. In order to elucidate the 
role of SSTs in the ocean-cyclone interaction, the daily SST data for the 
period 1982–2019, at a spatial resolution of 0.25◦ is obtained from 
Optimum Interpolation Sea Surface Temperature (OISST) dataset pro
vided by the National Oceanic and Atmospheric Administration (NOAA) 
(Reynolds et al., 2007). The SST prior to the genesis of the cyclone is the 
SSTs averaged for a week (day − 7 to day − 1) prior to the day of 
cyclogenesis (day 0), over a 5◦x5◦ region around the genesis center. 
Composite change in SST due to cyclones in the north Indian Ocean 
during the period 1982–2019, is estimated as the difference between 
SST averaged from day +1 to day +5 after the passage of the cyclone and 
the SST averaged from day − 6 to day − 2 before the passage of the 
cyclone, over a 1◦x1◦ region where and when the cyclone attained its 
maximum wind speed (referred to as day 0). To show the cyclone 
category wise influence on the SSTs the cyclone category based on the 
maximum wind speed is defined as: category 1 (119–153 km h− 1), 
category 2 (154–177 km h− 1), category 3 (178–208 km h− 1), category 4 
(209–251 km h− 1) and category 5 (≥ 252 km h− 1). Tropical storms 
(JTWC definition, 63–118 km h− 1) that are considered as cyclones by 
India Meteorological Department (IMD) are included in Category 0. 
Rapid intensification of the cyclone is defined as the increase in the wind 
speed of the cyclone by at least 30 knots (≥ 55.6 km h− 1) in 24 h (Kaplan 
and DeMaria, 2003). 

Climatological SST and salinity from the World Ocean Atlas, mixed 
layer depth and barrier layer thickness from de de Boyer et al. (2007) are 
used to show the background ocean conditions during the pre- and post- 
monsoon seasons. 

2.1. Genesis potential parameter index 

The genesis potential parameter is used (GPP) to monitor and fore
cast cyclogenesis in the north Indian Ocean, based on dynamic and 
thermodynamic atmospheric conditions (Kotal et al., 2009, eq. 1). 

GPP = ((ξ850 x M x I)/S ) if ξ850 > 0,M > 0 and I > 0 (1)  

= 0 if ξ850 ≤ 0,M ≤ 0 or I ≤ 0 

Where ξ850 = low-level relative vorticity at 850 hPa, M is the middle 
troposphere relative humidity given by the formula M = (RH-40)/30. In 
this, RH is the average relative humidity between 700 hPa and 500 hPa, I 
is the mid-troposphere instability which is the temperature difference 
(◦C) between 850 hPa and 500 hPa. S is the vertical wind shear of 
horizontal winds between 200 hPa and 850 hPa (m s− 1). 

This GPP index does not consider the ocean conditions that are 
important for cyclogenesis. To include the influence of the ocean in 
cyclogenesis, Suneeta and Sadhuram (2018) included Tropical Cyclone 
Heat Potential (TCHP) in the above index devised by Kotal et al. (2009) 
as shown in eq. 2. 

GPP = ((ξ850 x M x I)/S )*(TCHP/40) if ξ850 > 0,M > 0 and I > 0 (2)  

= 0 if ξ850 ≤ 0,M ≤ 0 or I ≤ 0 

Where TCHP is the tropical cyclone heat potential. Other parameters 
remain the same as in eq. 1. 

TCHP is the integrated heat content per unit area relative to the 26 ◦C 
isotherm (eq. 3) (Leipper and Volgenau, 1972). It provides the amount 
of energy available in the ocean surface and subsurface for the cyclone 
intensification. 

TCHP = ρCp
∫ D26

0
(T − 26)dz (3) 

Where Cp (4178 J kg− 1 ◦C− 1) is the heat capacity of ocean water at 
constant pressure, ρ (1026 kg m− 3) is the average ocean water density in 
the upper ocean, and D26 is the depth of 26 ◦C isotherm in the ocean. 

2.2. Cooling inhibition index 

Various indices are devised to measure the cyclone impact on the 
ocean and its energy. One such index is the cooling inhibition (CI) index 
defined by (Vincent et al., 2012b) which measures the amount of po
tential energy required to cool the ocean by 2 ◦C through vertical mix
ing. It is given by eq. 4. 

CI = ∛
[
ΔEp( − 2◦C)

]
(4) 

Where ΔEp is the potential energy which is a function of the mixed 
layer thickness and the stratification. This index is useful as it describes 
the oceanic inhibition to wind-induced cooling. Larger value of CI 

Fig. 3. Track of the cyclones in the Arabian Sea and the Bay of Bengal during the period 1980–2019 in (a) pre-monsoon and (b) post-monsoon seasons. Black color 
tracks are for cyclones with maximum wind speed ≤95 knots (Category 2 or lower). Red color tracks are for cyclones with maximum wind speed ≥100 knots 
(Category 3 or higher). (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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indicates a larger amount of energy is required to cool the ocean surface 
by 2 ◦C. 

2.3. Power Dissipation and accumulated cyclone energy index 

Power dissipation index (PDI) and accumulated cyclone energy 
(ACE) are commonly used to assess the accumulated power of the 
cyclone. PDI is proportional to the cube of the maximum wind speed of 
the cyclone (Emanuel, 2005). It is given by eq. 5 

PDI =
∫ t

0
V3

max dt (5) 

Where Vmax is the maximum wind speed of the cyclone and t is the 
total duration of the cyclone. 

ACE is proportional to the square of the maximum wind speed of the 
cyclone. It is calculated by summing the squares of the 6-hourly 
maximum wind speed in knots for the duration when the cyclone has 
a wind speed of 35 knots (64.8 km h− 1) or higher. The number is divided 
by 10,000 to make it more readable and easy to interpret (eq. 6) 
(Camargo and Sobel, 2005). 

ACE = 10− 4
∑

V2
max (6)  

3. Role of the ocean in modulating cyclone characteristics 

3.1. Role of SSTs 

3.1.1. Role of SSTs in the genesis of cyclones 
Studies show that high SSTs play a major role in the genesis of cy

clones in the north Indian Ocean (Kotal et al., 2009; Yokoi, 2010; 
Chowdhury et al., 2020b). High SSTs increase the transfer of heat fluxes 
from the ocean to the atmosphere, which favors enhanced convection 
and provides conducive conditions for the genesis of a cyclone. For 
example, very warm SSTs (30–31 ◦C) in the Arabian Sea prior to the 
genesis of Cyclone Gonu led to an enhanced heat flux transfer from the 
ocean to the atmosphere. This fueled the cyclone to intensify into a very 
severe cyclone (Krishna and Rao, 2009). The genesis and rapid inten
sification of Cyclone Ockhi in November 2017 was also assisted by warm 
SSTs (>29 ◦C) over a large area (Sanap et al., 2020; Singh et al., 2020). 
Similarly, the genesis of Cyclone Madi in December 2013 and that of 
Cyclone Phyan in November 2009 were fueled by very warm SSTs of 
about 29 ◦C (Byju and Kumar, 2011; Rajasree et al., 2016). 

Fig. 4 shows the SSTs prior to cyclogenesis in the north Indian Ocean. 
The SSTs are averaged for a week immediately before the day each 
cyclone is formed, over a 5◦x5◦ region around the genesis center. There 
is a statistically significant increase in SSTs prior to cyclogenesis in both 
the basins, during both the cyclone seasons. The SST change is largest 
over the Arabian Sea, with a total change of 1.4 ◦C in the pre-monsoon 
and 1.2 ◦C in the post-monsoon season. Over the Bay of Bengal, the 
observed change in SST is 0.8 ◦C in the pre-monsoon and 0.5 ◦C in the 

Fig. 4. SSTs averaged for a week (day − 7 to day − 1) prior to the day of cyclogenesis (day 0), over a 5◦x5◦ region around the genesis center—for (a) Arabian Sea pre- 
monsoon, (b) Arabian Sea post-monsoon, (c) Bay of Bengal pre-monsoon and (d) Bay of Bengal post-monsoon. The total SST change (for SSTs prior to cyclones) over 
the Arabian Sea during 1982–2019 is 1.4 ◦C in the pre-monsoon and 1.2 ◦C in the post-monsoon season. Over the Bay of Bengal, the observed change in SST is 0.8 ◦C 
in the pre-monsoon and 0.5 ◦C in the post-monsoon. The SST data is obtained from the Optimum Interpolation Sea Surface Temperature (OISST) provided by the 
National Oceanic and Atmospheric Administration (NOAA). 
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post-monsoon. 
An eastward shift in the genesis location of the very severe cyclones 

(wind speed ≥65 knots) is observed in the Bay of Bengal during the 
period 1997–2014 as compared to the earlier period 1981–1996, which 
is attributed to the rapid increase in SSTs in the south-east Bay of Bengal 
(Balaji et al., 2018). Further, the frequency of cyclones in the north In
dian Ocean has a positive correlation with the SSTs in the eastern Indian 
Ocean (Yuan and Cao, 2013). They show that the warming of the east 
Indian Ocean is associated with the negative IOD pattern. Negative IOD 
facilitates cyclone genesis by providing conducive ocean and atmo
spheric conditions for the cyclogenesis (Yuan and Cao, 2013; Mahala 
et al., 2015). This may also be related to the fact that warm SSTs in the 
east Indian Ocean facilitate conducive conditions associated with the 
convective phase of the MJO (Singh et al., 2020). 

In the Arabian Sea, cyclone genesis is generally confined to the 
eastern Arabian Sea (east of 70◦E), due to the relatively warmer SSTs 
(above the threshold of 27 ◦C) in the east Arabian Sea as compared to the 
west Arabian Sea. However, with the rapid warming of the west Arabian 
Sea, the SSTs in this region are now crossing the threshold that is 
required for cyclogenesis, and cyclones are now observed in this region 
also in recent decades (Mohanty et al., 2012). 

3.1.2. Role of SSTs in the intensification of cyclones 
Recent observations indicate that cyclones in the north Indian Ocean 

are now exhibiting rapid intensification, intensifying by more than 50 
knots in a span of just 24 h, in response to SSTs much higher than 30 ◦C, 
prominently due to the rapid warming in the region (Roxy et al., 2015, 
2019). From 2000 onwards, the frequency of cyclones undergoing rapid 
intensification in the north Indian Ocean has increased (Vinodhkumar 
et al., 2021). The percentage of cyclones undergoing rapid intensifica
tion in the north Indian Ocean is higher (38%) than the cyclones in the 
northwest Pacific Ocean where this rate is 22% (Fudeyasu et al., 2018). 
Recently, in the Arabian Sea, Cyclone Vayu in June 2019 and Cyclone 
Nisarga in June 2020 intensified rapidly due to very warm SSTs 
(30–31 ◦C) in this basin along the cyclone path. Similarly, in the Bay of 
Bengal, Cyclone Nargis in April 2008, intensified rapidly as it traveled 
over warm SSTs (>30 ◦C) (Yu and McPhaden, 2011). Cyclone Amphan 
in May 2020, was the first super cyclone to form in the Bay of Bengal 
after the 1999 Odisha super cyclone. It intensified from a severe cyclonic 
storm (wind speed 55 knots) to a super cyclonic storm (wind speed 120 
knots) in just 24 h. Further, it maintained the super cyclone status for 
nearly 24 h. Such massive rapid intensification of Cyclone Amphan and 
its long duration as a super cyclonic storm was again aided by very warm 
SSTs (30–31 ◦C) in the Bay of Bengal along with conducive atmospheric 
conditions. As discussed in previous section, due to the eastward shift of 
the cyclone genesis location in the Bay of Bengal, the cyclones are now 
traveling for a long time over the ocean and drawing more of the thermal 
energy released from the warm ocean waters, thereby enhancing the 
chances of developing into a very severe cyclone with intensity greater 
than 65 knots (Balaji et al., 2018). Girishkumar and Ravichandran 
(2012) also show that the cyclones forming east of 90◦E in the Bay of 
Bengal generally intensify into intense cyclones as they travel over the 
ocean for a longer duration. In the Arabian Sea, a recent increase in the 
frequency of extremely severe cyclones during the post-monsoon season 
is linked with the warming SSTs and decreasing vertical wind shear over 
the region (Murakami et al., 2017). A similar response is observed over 
other basins such as the northwest Pacific Ocean and the southern Indian 
Ocean, where an increasing trend in the SSTs has assisted in the rapid 
intensification of cyclones in the recent decade (Mei and Xie, 2016; 
Vidya et al., 2020). 

In the pre-monsoon season, there is a high correlation (r = 0.64) 
between the SSTs and the power dissipation index that is directly pro
portional to the cube of the maximum wind speed of cyclones (Sebastian 
and Behera, 2015). They found out that there is a contrast in the cor
relation between the SSTs and the power dissipation index depending on 
the basin. The correlation is 0.73 for the Arabian Sea and 0.39 for the 

Bay of Bengal during the pre-monsoon season (Sebastian and Behera, 
2015). This shows that in the Bay of Bengal pre-monsoon season, SST is 
not the only factor that favors the intensification of cyclones. The reason 
for the difference in the correlation between the two basins is not un
derstood yet. Regardless, it indicates that the correlation is spatially non- 
uniform. Hoarau et al. (2012) indicate that the correlation between the 
intensity of the cyclone and the SSTs is insignificant (only 0.018) for 
high intensity cyclones (wind speed higher than 100 knots) if we 
consider the entire north Indian Ocean. Based on the data for 
1998–2011, Ali et al. (2013) showed that the intensity of more than 50% 
of the cyclones in the north Indian Ocean had no correlation with the 
SSTs. Similarly, a weak correlation is found between the SSTs and the 
cyclone intensity in the Bay of Bengal (Vissa et al., 2013a). The corre
lation between the SSTs and the intensity of cyclones varies within the 
Bay of Bengal, with a high correlation (r = 0.52) in the south Bay of 
Bengal and a low correlation in the north Bay of Bengal (Albert and 
Bhaskaran, 2020). This shows that the influence of SSTs on the intensity 
of cyclones is not uniform and that it varies spatially within the basin. 
These results also indicate that other factors than SSTs may also be 
governing the intensity of cyclones in the north Indian Ocean. 

3.2. Role of ocean heat content 

The intensity of cyclones in the north Indian Ocean is governed not 
only by the SSTs but also by the high ocean heat content and warm ocean 
subsurface (Girishkumar and Ravichandran, 2012; Patnaik et al., 2014; 
Maneesha et al., 2015; Sun et al., 2015). This is similar to the other 
ocean basins where the ocean heat content also plays a major role in 
governing the intensity of cyclones along with the SSTs (Wada and Usui, 
2007; Balaguru et al., 2013; Trenberth et al., 2018; Hallam et al., 2021). 

Sharma and Ali (2014) show that ocean heat content acts as an 
important parameter, governing the life cycle and intensity of cyclones 
in the north Indian Ocean. High ocean heat content implies a warmer 
upper ocean, which helps cyclones to sustain or further intensify due to 
the uninterrupted supply of sensible and latent heat fluxes from the 
ocean surface to the atmosphere (Shay et al., 2000). For the period 
1993–2011, Girishkumar et al. (2015) show that the accumulated TCHP 
in the Bay of Bengal has a positive correlation (r = 0.62) with the in
tensity of cyclones (Fig. 5). The TCHP in this basin exhibits distinct 
interannual variability with higher TCHP during La Niña years resulting 

Fig. 5. Scatter plot of maximum wind speed (knots) and accumulated tropical 
cyclone heat potential (kJ cm− 2/day) during the period 1993–2011, in the Bay 
of Bengal. Cyclones formed during La Niña, El Niño, negative Indian Ocean 
Dipole (nIOD) and neutral years are marked in blue, red, green and black cir
cles, respectively. Cyclones experiencing rapid intensification under La Niña 
and nIOD conditions are marked in pink color. Redrawn based on Girishkumar 
et al. (2015). (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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in a higher intensity and increased rate of rapid intensifications in cy
clones, as compared to El Niño years (Fig. 5). A composite study using 
the Array for Real-time Geostrophic Oceanography (ARGO) and Indian 
National Centre for Ocean Information Services-Global Ocean Data 
Assimilation System (INCOIS-GODAS) data show that in the Bay of 
Bengal, at least 40 kJ cm− 2 of upper ocean heat content is necessary for a 
cyclone to intensify (Maneesha et al., 2015; Busireddy et al., 2019). 
Further, in this basin, high accumulated TCHP is required for the 
cyclone to intensify during the pre-monsoon season, as compared to the 
post-monsoon season (Vissa et al., 2013a). High enthalpy fluxes in the 
Bay of Bengal during the post-monsoon season (~ 150 W m− 2) as 
compared to the pre-monsoon season (~ 100 W m− 2) favor the inten
sification of the cyclone even with lesser TCHP (Vissa et al., 2013a). This 
difference in the enthalpy flux between the two cyclone seasons can be 
due to the difference in the mean wind speed, atmospheric humidity and 
barrier layer thickness in the two seasons (Vissa et al., 2013a). 

Ghetiya and Nayak (2020) show that the mean TCHP for a devel
oping cyclone (low pressure system intensifying to a cyclone) in the 
north Indian Ocean is 89.3 kJ cm− 2, based on observed and reanalysis 
data for the period 1993–2017. On the other hand, for a non-developing 
low pressure system (not intensifying to a cyclone), the mean TCHP is 
79.29 kJ cm− 2 in the Bay of Bengal and 75.07 kJ cm− 2 in the Arabian 
Sea. It is seen that a higher TCHP favors the intensification of the 
cyclone. However, the passage of a cyclone also reduces the TCHP by 
about 20–25 kJ cm− 2 in the post-monsoon season and > 25 kJ cm− 2 in 
the pre-monsoon season within 250 km radius of the cyclone (Busireddy 
et al., 2019). This difference in the magnitude in the TCHP in response to 
the cyclone during the two seasons is linked with the different mean 
conditions of the ocean in the two seasons. Due to the presence of a 
barrier layer in the post-monsoon season in the Bay of Bengal, the 
reduction in TCHP due to cyclone-induced mixing is less as compared to 
the pre-monsoon season. The reduction in the TCHP depends on the 
cyclone intensity also, as intense cyclones lead to more reduction in the 
TCHP as compared to the weak cyclones (Busireddy et al., 2019). This 
shows that there is two-way feedback between the cyclone and the 
ocean. 

Considering the importance of the TCHP in the lifecycle of the 
cyclone, Suneeta and Sadhuram (2018) proposed a modified genesis 
potential parameter (modified GPP) formula (shown in eq. 2 earlier) for 
estimating the genesis potential of cyclones in the Bay of Bengal. By 
using this modified GPP, Singh et al. (2020) show that the signature of 
the genesis of the cyclone can be seen one day in advance as compared to 
the original GPP calculations (eq. 1) that do not incorporate the ocean 
heat content. Ghetiya and Nayak (2020) show that the modified GPP is 
better in estimating the non – developing low-pressure systems in the 
north Indian Ocean. 

The upper ocean content in the north Indian Ocean is in turn affected 
by the propagation of Kelvin and Rossby waves in this region. Genesis 
and intensification of Cyclone Megh in the Arabian Sea in the post- 
monsoon season in 2015 were associated with the downwelling 
Rossby waves that enhanced the upper ocean heat content and aided the 
formation and intensification of the cyclone (Chowdhury et al., 2020b). 
These waves are also affected by the ENSO conditions in the Pacific 
Ocean. During a La Niña, an increased upper ocean heat content in the 
Bay of Bengal is observed due to the downwelling coastal Kelvin wave 
which deepens the thermocline in the east Indian Ocean (Girishkumar 
and Ravichandran, 2012). Thus in a La Niña year, the Bay of Bengal has 
higher ocean heat content as compared to the El Niño year resulting in 
more intense cyclones as compared to an El Niño year (Girishkumar and 
Ravichandran, 2012). 

3.3. Role of ocean eddies 

The presence of mesoscale features such as eddies significantly af
fects the intensity of cyclones. Warm core eddies are associated with 
downwelling regions and have anomalously high sea surface heights and 

high ocean heat content (Gopalan et al., 2000; Sadhuram et al., 2004, 
Kumar and Chakraborty 2011). Cold core eddies are associated with 
upwelling regions and have anomalously low sea surface heights and 
low ocean heat content. In the Bay of Bengal, during the pre-monsoon 
season, these eddies are generated by the baroclinic instability in the 
coastal western boundary current (Kurien et al., 2010). These eddies are 
also a common feature in the post-monsoon season in the east Indian 
coastal current (Gopalan et al., 2000; Vinayachandran et al., 2005). The 
eddies in the west Arabian Sea are ~30% more in number in the pre- 
monsoon and post-monsoon season as compared to the southwest 
monsoon season (Piontkovski et al., 2019). In the north Indian Ocean as 
whole, warm core eddies are generally more prominent in the pre- 
monsoon season than the post-monsoon season (Jangir et al., 2020). 

When a cyclone passes over a warm core eddy, it generally intensifies 
due to the high ocean heat content in the water column (Shay et al., 
2000; Ali et al. 2007). On the contrary, when the cyclone passes over a 
cold core eddy its intensity gets reduced (Sreenivas and Gnanaseelan, 
2014). During the period 2001–2018, about 40% of the cyclones in the 
north Indian Ocean were affected by warm core eddies, resulting in an 
intensification of cyclones, as indicated by sea level anomaly data 
derived from satellite observations (Jangir et al., 2020). On the other 
hand, 30% of the cyclones were affected by cold core eddies, causing a 
weakening of cyclones (Jangir et al., 2020). 

Patnaik et al. (2014) show that in the year 1999, the presence of a 
warm core eddy near the east coast of India intensified a post-monsoon 
Bay of Bengal cyclone by 260%. Such intensification was also observed 
for the Hurricane Opal in the Gulf of Mexico which intensified suddenly 
from 956 hPa to 916 hPa over 14 h after passing over a warm core eddy 
(Shay et al., 2000). In the Bay of Bengal, Cyclone Aila intensified by 43% 
after passing over a warm core eddy, in the pre-monsoon season, as 
indicated by satellite and in-situ data (Sadhuram et al., 2012). However, 
Cyclone Jal, which was forecasted to become a very severe cyclone, 
suddenly weakened to a cyclonic storm category cyclone after it passed 
over a cold core eddy (Sreenivas and Gnanaseelan, 2014). Similarly, 
Cyclone Madi in the Bay of Bengal in December 2013 weakened quickly 
after it encountered a cold core eddy (Anandh et al., 2020; Chowdhury 
et al., 2020a). Using numerical model experiments for five cyclones in 
the Bay of Bengal, Anandh et al. (2020) show that the contribution of 
warm core eddy in the intensification of the cyclones is more in the post- 
monsoon season as compared to the pre-monsoon season. Also, they 
note that the transfer of heat fluxes from the ocean to the atmosphere 
increases when a warm core eddy is present. It is hence obvious that 
these eddies play a crucial role in the intensification and dissipation of 
the cyclones in the north Indian Ocean, depending on their thermal 
characteristics. Similar to the north Indian Ocean, the importance of 
eddy in modulating the cyclone intensity is also observed in the Pacific 
Ocean and the Atlantic Ocean (Bao et al., 2000; Shay et al., 2000; Jullien 
et al., 2014). 

3.4. Importance of using ocean-atmosphere coupled models for the 
prediction of cyclones 

Earlier studies have shown that incorporating the two-way feedback 
between the SSTs and cyclones into the mesoscale and Weather Research 
and Forecast (WRF) models during the cyclone lifecycle has a significant 
impact on the prediction of cyclone intensity for the north Indian Ocean 
(Mandal et al., 2007; Bongirwar et al., 2011). Using a hurricane forecast 
model, Mohanty et al. (2019) show that the errors in the mean intensity 
reduced significantly for 12–120 h forecast length, with realistic SSTs. 
They showed that the bias in the intensity forecast reduced by 50% and 
the landfall location of the cyclone was better forecasted when the SSTs 
were incorporated in the model. Bongirwar et al. (2011) show that the 
improvement in cyclone intensity prediction in the WRF model after 
incorporating SSTs is due to the realistic representation of heat fluxes 
from the ocean to the atmosphere, which is dependent on the SSTs. 
Similarly, based on a three-dimensional Price Weller Pinkel model, an 
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improvement in the intensity prediction of the cyclone by 29–47% is 
observed when the air-sea coupling was incorporated into the model 
(Srinivas et al., 2016). The improvements are mainly because of simu
lating the air-sea interaction processes in terms of deepening of ocean 
mixed layer due to cyclone induced mixing, reduction in the enthalpy 
fluxes, and cyclone induced SST cooling similar to the observations 
(Srinivas et al., 2016). For Cyclone Nilam, the improvement in the in
tensity of the cyclone is observed after using a three-dimensional ocean 
mixed layer model which improves the air-sea interaction through the 
realistic representation of fluxes in the model (Mohan et al., 2015). This 
shows that three dimensional models provide a more realistic repre
sentation of cyclone characteristics as they account for ocean surface 
and sub-surface coupling with the atmosphere. Similar to the north In
dian Ocean, an improvement in the modelled intensity of cyclones is 
observed in the Atlantic (Sanabia et al., 2013; Kim et al., 2014; 
Yablonsky et al., 2015) and Pacific Ocean (Sandery et al., 2010; Jullien 
et al., 2014), after incorporating the coupled SSTs in the coupled model. 

While the local ocean-atmosphere coupling plays an important role 
in cyclogenesis and its intensification, its effect on the tracks of cyclone 
is still unclear. In the Pacific Ocean, it is observed that air-sea coupling in 
an ocean-atmosphere coupled models improve the realistic representa
tion of cyclone tracks and their spatial distribution (Jullien et al., 2014; 
Ogata et al., 2015), while such an effect on the tracks of cyclones is not 
captured by modeling studies for the Atlantic Ocean (Zhu et al., 2004; 
Zhu and Zhang, 2006). For the north Indian Ocean, Lengaigne et al. 
(2018), using a regional ocean-atmosphere coupled model show that the 
air-sea coupling does not affect the spatial cyclogenesis pattern of the 
cyclone, however, it improves the bimodal seasonal distribution of the 
cyclone. Similarly, using the ERA-Interim, Camp et al. (2015) show that 
the seasonal track forecast of the north Indian Ocean cyclone is poor. 
Contradictory to this, model simulation in the Bay of Bengal using a 
three-dimensional Price-Weller-Pinkel model shows that incorporating 
the SST improves the track forecast of the cyclone up to 39% (Srinivas 
et al., 2016). Using a mesoscale MM5 model Mandal et al. (2007) show 
that including realistic SST into the model improves the track prediction 
of the Odisha Super Cyclone which hit Odisha coast in October 1999. 
Similarly, using a mesoscale model, Sharma and Ali (2014) show that 
incorporating sea surface height anomaly in the model improves the 
cyclone track forecasted by the model. These studies show that air-sea 
coupling might play an important role in determining the track of the 
cyclone in the north Indian Ocean. 

4. Ocean dynamics in response to cyclones 

4.1. Ocean cooling and the role of barrier layer, mixed layer and 
stratification 

4.1.1. Cyclone induced cooling in the Bay of Bengal: Role of ocean 
characteristics 

In Section 3, we have seen that warm ocean surface and subsurface 
conditions play a dominant role in the genesis and the intensification of 
cyclones. The cyclone derives the energy from the ocean in terms of heat 
flux and moisture. On the other hand, it cools down the ocean through 
multiple processes. In the Bay of Bengal, the cyclone-induced cooling 
varies from 2 ◦C–3 ◦C in the pre-monsoon season (Rao, 1987; Gopalk
rishna et al., 1993; Sengupta et al., 2008) to 0.5 ◦C–1 ◦C in the post- 
monsoon season (Subrahmanyam et al., 2005; Sengupta et al., 2008). 
For some cyclones in the post-monsoon season, such as the Odisha super 
cyclone, cooling as large as 5 ◦C–6 ◦C and for Cyclone Hudhud, cooling 
of 3 ◦C is observed (Sadhuram, 2004; Rao, 2007; Shengyan et al., 2019). 
Similarly, in the pre-monsoon season, Cyclone Mala in 2006 induced a 
large SST cooling of 4 ◦C–5 ◦C (Badarinath et al., 2009; Vissa et al., 
2012). 

The difference in the cyclone-induced SST cooling in the pre- 
monsoon and the post-monsoon season is linked to the different char
acteristics of the north Indian Ocean in these two seasons (Fig. 1). 

During the post-monsoon season, the Bay of Bengal has a shallow mixed 
layer and a thick barrier layer leading to strong stratification (Thadathil 
et al., 2007). However, in the pre-monsoon season, the barrier layer is 
thin as compared to the post-monsoon season, leading to a weaker 
stratification (Li, 2017). The presence of such a barrier layer in the ocean 
inhibits the vertical mixing and suppresses the upwelling of cold sub
surface waters to the surface (Sprintall and Tomczak, 1992; Wang et al., 
2011; Vissa et al., 2013b). Maneesha et al. (2012) show that a barrier 
layer formed due to the low saline water in the Bay of Bengal during 
Cyclone Nargis in April 2008 played a major role in the intensification of 
the cyclone. Using a mixed layer model, Vissa et al. (2013b) show that 
the presence of a thick barrier layer during Cyclone Sidr resulted in 
reduced SST cooling. Using observation and high resolution coupled 
regional climate model, Balaguru et al. (2012) show that strong salinity 
stratification is associated with weak cyclone-induced SST cooling and 
strong latent and sensible heat fluxes from the ocean to the atmosphere, 
which results in the increase in the intensity of the cyclones. They 
further suggest that, the rate of intensification of cyclones over the 
barrier layer region in the north Indian Ocean is 4.6 km h− 1 in 36 h (for 
the period 1998–2007) which is about 50% higher than the areas where 
the barrier layer is absent (Balaguru et al., 2012). If we compare with 
other basins then it is observed that the intensification rate of cyclones 
over the barrier layer is highest in the southwest Pacific Ocean with an 
intensification rate of 9 km h− 1 in 36 h and lowest in the northwest 
tropical Atlantic Ocean with an intensification rate of 3.5 km h− 1 in 36 h 
(Balaguru et al., 2012). For the South Pacific Ocean, using model anal
ysis, cyclone intensity is found to be increasing with an increase in 
barrier layer thickness (at a rate of 5 hPa drop in cyclone central pres
sure for every 10 m increase of barrier layer thickness) (Jullien et al., 
2014). 

Based on observational estimations for the period 1998–2004, it is 
found that due to the absence of a thick barrier layer during the pre- 
monsoon season in the Bay of Bengal, the cyclone induced cooling can 
reach up to 3 ◦C in the north Bay of Bengal (Sengupta et al., 2008). On 
the other hand, in the post-monsoon season, due to the presence of a 
thick barrier layer, the cyclone-induced cooling is only about 1 ◦C 
(Sengupta et al., 2008). A similar analysis by Neetu et al. (2012) using an 
ocean general circulation model also shows that there is a significant 
difference in the thermal stratification and upper ocean salinity of the 
Bay of Bengal in the post-monsoon and pre-monsoon seasons. Due to 
these different ocean characteristics in the two seasons, the cyclone- 
induced cooling is roughly three times more in the pre-monsoon sea
son than the post-monsoon season (Fig. 6). There is a difference in the 
estimated cyclone-induced cooling between the studies conducted by 
Sengupta et al. (2008) and Neetu et al. (2012). This difference is possibly 
due to the difference in the area considered along the track of the 
cyclone to estimate the cyclone induced cooling. Sengupta et al. (2008) 
considered 1◦ wide strip (~50 km radius), whereas Neetu et al. (2012) 
considered 4◦ wide strip (~200 km radius) along the track of cyclones. 
On average, 60% of the reduction in the cyclone-induced cooling in the 
post-monsoon season is contributed by thermal stratification and 40% 
by haline (salinity) stratification (Neetu et al., 2012). There are regional 
variations on how these two factors reduce cyclone induced cooling in 
the Bay of Bengal. In the north Bay of Bengal, it is generally the haline 
stratification that controls the reduction in the cyclone induced cooling, 
particularly due to the freshwater inflow and increased rainfall here. 
Whereas, in the southwest Bay of Bengal it is generally the thermal 
stratification that governs the reduction in cyclone-induced cooling, as 
these waters are characterized by the permanently warm SSTs above 
28 ◦C (Neetu et al., 2012; Roxy et al., 2019). Due to the regional vari
ation in the ocean subsurface characteristics (Fig. 1), more cyclone- 
induced cooling is generally observed in the south Bay of Bengal, and 
the magnitude of SST cooling decreases as we head towards the north 
Bay of Bengal (Pothapakula et al., 2017). The absence of haline strati
fication in the south Bay of Bengal results in more cyclone-induced 
cooling in this region. A similar effect of haline stratification was 
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observed in the Amazon-Orinoco river region in the North Atlantic 
Ocean where strong fresh water discharge into the ocean results in 
~50% reduction in the cyclone induced cold wake as compared to the 
open ocean (Reul et al., 2014; Hernandez et al., 2016). This shows that 
the ocean stratification and the presence of ocean barrier layer plays an 
important role in modulating the cyclone induced cold wake. 

Various case studies using Biogeochemical-ARGO (BGC-ARGO) and 
moored buoy data during cyclones, Sidr, Thane, Vardah show that the 
cyclone passage also affects the mixed layer of the ocean. It is found that 
due to the vertical mixing induced by these cyclones, the mixed layer 
gets deepened by 15–30 m (Wang and Zhao, 2008; Tummala et al., 
2009; Chacko, 2018a; Ye et al., 2018). 

4.1.2. Cyclone induced cooling in the Arabian Sea: Role of ocean 
characteristics 

Similar to the Bay of Bengal, the cyclone-induced cooling in the 
Arabian Sea is more in the pre-monsoon season than the post-monsoon 
season (Neetu et al., 2012). An average cooling of 1.2 ◦C was observed in 
the pre-monsoon season and 0.6 ◦C in the post-monsoon season, based 
on observed data for the period 1998–2007 (Neetu et al., 2012) (Fig. 6). 
Multiple case studies based on observed data for cyclone 08A, Phyan, 
Phet and Ockhi show that cyclone induced cooling varies from 2 to 6 ◦C 
(Premkumar et al., 2000; Subrahmanyam et al., 2005; Naik et al., 2008; 
Byju and Kumar, 2011; Muni Krishna, 2016; Singh et al., 2020). Using 
observations and modelling, Neetu et al. (2012) show that the cyclone 
induced cooling is large in the pre-monsoon season due to large cyclone 
wind power input. In comparison, cyclone induced cooling is weak in 
the post-monsoon season due to the presence of thermal stratification 
(Subrahmanyam et al., 2005; Neetu et al., 2012). This shows that similar 

to the Bay of Bengal, cyclone induced cold wake in the Arabian Sea are 
of the higher magnitude in the pre-monsoon season as compared the 
post-monsoon season. 

4.1.3. Cyclone induced cooling in the north Indian Ocean: Role of coupled 
ocean-cyclone processes 

Based on the cyclone data for 1998–2007, Lloyd and Vecchi (2011) 
show that the cooling induced by the cyclones in the north Indian Ocean 
increases with an increase in the cyclone intensity only up to category 2 
(wind speed up to 95 knots). From a category 1 to category 2 cyclone, 
the SST cooling increases from 0.6 ◦C to 1.1 ◦C, with a difference of 
0.5 ◦C between the categories (Fig. 7). For cyclones of intensity greater 
than category 2, the cyclone-induced SST cooling does not increase 
significantly with a further increase in the intensity of cyclones. This 
shows that the relationship between the SSTs and the cyclone intensity is 
not linear. On the contrary, based on the wind power index (which is a 
proxy of the kinetic energy transferred by the cyclone to the ocean) 
Neetu et al. (2012) show that the cyclone-induced cooling keeps on 
increasing with the cyclone intensity. This difference is associated with 
the fact that the wind power index incorporates both the intensity and 
the translation speed of the cyclone (Neetu et al., 2012; Vincent et al., 
2012b). While numerous studies have explored cyclone-induced SST 
cooling, only a limited have looked into the recovery process and time 
undergone by these SSTs to reach the pre-cyclone level. It is observed 
that the recovery time of the SSTs to the pre-cyclone value is not 
consistent and varies from six days to one month depending on the 
magnitude of the SST cooling (Mandal et al., 2018). 

Cyclone rainfall also has a significant effect on the cyclone induced 
cooling (Jacob and Koblinsky, 2007; Jourdain et al., 2013). Jourdain 

Fig. 6. Composite evolution of cyclone induced SST cooling (◦C) within 200 km of cyclone tracks in the Arabian Sea and Bay of Bengal during (a, c) pre-monsoon and 
(b, d) post-monsoon seasons for observations (black line) and the model over the 1998–2007 period (thick orange line) and the model over the 1978–2007 period 
(thin orange line). Vertical bars (black for the observations and orange for the model) indicate the spread around the mean, evaluated from the lower and upper 
quartiles. Adapted from Neetu et al. (2012). 
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et al. (2013) using data for the period 2002–2009, show that the cyclone 
rainfall tends to reduce the cyclone induced cold wake due to the sta
bilizing effect of rainfall that reduces the vertical mixing in the ocean 
induced by the cyclone. This reduction in the cold wake due to cyclone 
rainfall is maximum in the Arabian Sea among all the basins due to the 
strong thermal stratification which reduces the vertical mixing, leading 
to a reduction of entrainment of cooler water from the subsurface to the 
surface (Jourdain et al., 2013). The Bay of Bengal has a smaller effect in 
response to the cyclone rainfall on the reduction in the cyclone induced 
cold wake because of the presence of a strong barrier layer, as discussed 
earlier. 

The cooling induced by cyclones in the north Indian Ocean is mainly 
governed by the vertical mixing induced by the cyclone winds (Murty 
et al., 1983; Girishkumar et al., 2014; Prakash and Pant, 2017; Kumar 
et al., 2019). This is in line with other basins as well, where also cyclone- 
induced cooling is mainly governed by the vertical mixing and cyclone- 
induced upwelling, as compared to other processes such as the air-sea 
flux exchange and advection (Price, 1981; Jacob et al., 2000; Huang 
et al., 2009; Jullien et al., 2012). Observations and coupled ocean- 
atmosphere model experiments show that during Cyclone Jal 
(November 2010), that formed in the Bay of Bengal, the heat fluxes and 
horizontal advection together contributed alone about 33% in the 
cyclone induced cooling. The remaining contribution in the cooling was 
mainly from vertical mixing (Girishkumar et al., 2014). Similarly, 
Kumar et al. (2019) using observations and model experiments show 
that during Cyclone Roanu, the cooling due to air-sea fluxes contributed 
to only about 25% of the total cyclone-induced cooling, highlighting 
that cyclone induced vertical mixing plays a dominant role in the 
cooling. This is similar to the findings of Vincent et al. (2012a) in which 
they used model experiments for the period 1978–2007 to show that for 
strong cyclones, vertical mixing and ocean mean state plays dominant 
roles in cyclone-induced cooling. On the contrary, for Cyclone Sidr in the 
north Indian Ocean, Vissa et al. (2013b) using a mixed layer model show 
that when a barrier layer is present, then the SST cooling is mainly 
driven by air-sea heat fluxes. On the other hand, in the absence of the 
barrier layer, the SST cooling is mainly driven by the vertical mixing and 
entrainment flux. Similarly for the period 1978–2007, using an ocean 
general circulation model, Neetu et al. (2012) show that vertical mixing 

plays a major role in SST cooling in the pre-monsoon when the barrier 
layer is absent. However, in the post-monsoon season, when the barrier 
layer is present, latent heat fluxes play a major role in the cyclone 
induced SST cooling (Neetu et al., 2012). The factors controlling the 
cyclone induced SST cooling also varies during the lifecycle of the 
cyclone. Based on observational analysis for Cyclone Chapala, Chowd
hury et al. (2020b) show that during the initial phase of the cyclone, the 
SST cooling is mainly due to the enhanced evaporation due to the strong 
cyclone winds. However, in the decay phase, along with the evaporative 
cooling, the vertical mixing and cyclone-induced Ekman pumping also 
contributes to the enhanced cooling after the passage of the cyclone 
(Chowdhury et al., 2020a). 

Interestingly, there are cyclone-ocean interactions in the north In
dian Ocean that do not cool the ocean surface. During post-monsoon 
season in the Bay of Bengal, Cyclone Thane (2011) has increased the 
SSTs by 0.6 ◦C (Mathew et al., 2018). Using moored buoy observations, 
Chacko (2018a, 2018b) shows that this warming after the passage of 
cyclone occurred in the upper 40 m of the ocean, whereas a cooling was 
observed in the depths of 40–80 m. This contrasting response of the 
ocean is because of the presence of an inversion layer prior to the 
cyclone. As the cyclone moves over the area of the inversion layer, 
warmer ocean subsurface water comes to the surface due to cyclone- 
induced upwelling, leading to an increase in the SSTs after its passage. 

4.1.4. Cyclone induced cooling in the north Indian Ocean: Role of cyclone 
translation speed 

Cyclone induced cooling in the north Indian Ocean is also dependent 
on the translation speed of cyclones. The slow-moving cyclones (average 
speed of 9 km h− 1, 25th percentile) cause relatively stronger cooling as 
compared to the fast-moving cyclones (average speed of 16.7 km h− 1, 
75th percentile) (Rao, 2007; Mandal et al., 2018; Busireddy et al., 2019; 
Nigam et al., 2020). This is similar to other tropical basins where the 
cooling induced by the cyclone decreases with the increase in the 
translation speed (Dare and Mcbride, 2011). In the north Indian Ocean, 
intense cyclones move faster as compared to the less intense cyclones 
(Mohapatra and Sharma, 2019) which is also similar to other basins (Mei 
et al., 2012). In the case of Cyclone Nilofar in the Arabian Sea, stronger 
cooling is observed when the cyclone has a lower translation speed (Ali 

Fig. 7. Composite change in SST due to cyclones in the north Indian Ocean during the period 1982–2019, according to the cyclone categories. Based on the 
maximum sustained wind speed, the cyclones are categorized as category 1 (119–153 km h− 1), category 2 (154–177 km h− 1), category 3 (178–208 km h− 1), category 
4 (209–251 km h− 1) and category 5 (≥ 252 km h− 1). Tropical storms (JTWC definition, 63–118 km h− 1) that are considered as cyclones by IMD are included in 
Category 0. The change in SST is estimated as the difference between SST averaged from day +1 to day +5 after the passage of the cyclone and the SST averaged from 
day − 6 to day − 2 before the passage of the cyclone, over a 1◦x1◦ region where and when the cyclone attained its maximum wind speed (referred to as day 0). The 
whiskers on the bars denote the standard error for each cyclone category, estimated by dividing the standard deviation with the square root of the number of 
observations. The cyclone data is obtained from IBTrACS and the SST data is obtained from OISST provided by NOAA. 
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et al., 2020). This is because slow-moving cyclones have more time to 
interact with the ocean surface, leading to an increase in the upwelling 
and vertical mixing for a longer time that mixes the upper-ocean water 
column. Maneesha et al. (2019) used a case study to show that a fast- 
moving cyclone can overcome the negative effect of a cold core eddy 
and the cyclone can maintain its intensity despite passing over a cold 
core eddy. In the Bay of Bengal, the cyclone induced cooling in the 
radius 50–100 km from the cyclone center varies with the translation 
speed of the cyclone, as shown by a composite analysis for the period 
2006–2013 (Pothapakula et al., 2017). For pre-monsoon cyclones, a 
cooling of 2 ◦C for slow-moving cyclones (translation speed less than 14 
km h− 1), and a cooling of 1.2 ◦C for moderate moving cyclones (trans
lation speed between 15 and 24 km h− 1), and cooling of 0.9 ◦C for fast- 
moving cyclones (translation speed more than 24 km h− 1) is observed 
within the radius of 50–100 km of cyclone center (Pothapakula et al., 
2017). This shows that along with the ocean characteristics, the trans
lation speed of cyclone also plays an important role in the cyclone 
induced cold wakes. 

4.2. Effect of cyclone translation speed on cyclone intensification 

Further, the translation speed of cyclones plays a vital role in 
determining how much ocean heat content will be necessary for the 
cyclone intensification (Lin et al., 2009). They show that slow-moving 
cyclones require more upper ocean heat content to intensify to a cate
gory 5 cyclone as compared to the fast-moving cyclones. Similar to the 
northwest Pacific, a slow-moving cyclone in the Bay of Bengal also re
quires higher ocean heat content for intensification than the faster 
moving cyclones (Sadhuram et al., 2010). This is because a slow-moving 
cyclone gets affected by the ocean negative feedback for a longer time 
leading to a decrease in the intensity of the cyclone. Therefore, for a 
slow-moving cyclone, a large amount of ocean heat content is required 
for cyclone intensification. Meanwhile, Sadhuram et al. (2010) show 
that fast-moving cyclones can intensify even with low ocean heat con
tent as the cyclone will not get affected by the ocean negative feedback 
as the cyclone moves away before the ocean heat content decreases. The 
magnitude of the translation speed required for intensification depends 
on the ocean heat content and is given by the empirical formula shown 
below (eq. 7) (Sadhuram et al., 2010). 

(Uh = − 0.03*UOHC +6.1) Eq. 7. 
Where Uh is the translation speed of the cyclone and UOHC is the 

upper ocean heat content. Sadhuram et al. (2010) tested this formula 
with Cyclone Sidr and Nargis and the computed results of the translation 
speed were in good agreement with the observed values. The studies 
here point out that the intensification of cyclones is affected by the 
translation speed of cyclones. 

4.3. Asymmetric response in ocean cooling and currents to cyclones 

The cooling induced by the cyclone along the track of the cyclone is 
not symmetrical (Rao, 2007; Ye et al., 2018; Wang et al., 2012b). More 
cooling is induced on the right-hand side of the cyclone track in the open 
ocean (McPhaden et al., 2009; Wang and Han, 2014). This is because, in 
an open ocean, as the cyclone moves forward, the associated wind stress 
veers in a cyclonic direction at any given point along the right-hand side 
of the cyclone track. There is an asymmetry in the wind stress due to the 
combination of the cyclonic winds and the translation speed with higher 
wind stress on the right-hand side of the cyclone center. In the Northern 
Hemisphere, the Coriolis force also acts on the ocean currents in the 
same direction of the wind stress, on the right-hand side of the cyclone 
track. This stronger wind stress and exchange of energy from the cyclone 
and to the ocean currents leads to an enhancement of the inertial cur
rents on the right-hand side of the cyclone track, amplifying entrainment 
and more SST cooling on the right-hand side of the cyclone track (Price, 
1981). 

The inertial oscillation induced by cyclonic winds have a periodicity 

of 2π/f which drives the near surface water in a clockwise direction, 
governed by the Coriolis force and gravity force (Price et al., 1994). The 
amplitude of these inertial currents amplitude varies depending on the 
strength of the cyclone winds and their periodicity, and the diameter 
varies with the latitude (with higher values equatorward) (Venkatesan 
et al., 2014). From various case studies on cyclones in the north Indian 
Ocean, it is observed that these inertial oscillations have a periodicity of 
1.5–2.1 days (Joseph et al., 2007; Venkatesan et al., 2014; Mandal et al., 
2018). These inertial currents are initially triggered at the ocean surface 
due to the wind forcing and later they propagate downward into the 
ocean subsurface (Leaman and Sanford, 1975; Kundu, 1976; Jarosz 
et al., 2007) and also move outwards, away from the cyclone wind 
forcing (D'Asaro et al., 2007; Mukherjee et al., 2013). 

The vertical profile of the temperature of the ocean up to 100 m is 
significantly altered by these inertial oscillations (Rao et al., 2010). 
During a cyclone in 1995, inertial currents are observed as far as 300 km 
from the cyclone center, attaining a maximum speed of 0.75 m s− 1 (Saji 
et al., 2000). For very intense cyclones such as Cyclone Phailin, very 
intense currents of velocity 1.29 m s− 1 are observed (Venkatesan et al., 
2014). During Cyclone Nargis, enhanced cooling is observed on the 
right-hand side of the cyclone track in the open ocean (McPhaden et al., 
2009). This right-hand side enhanced cooling is due to strong inertial 
currents of magnitude 0.9 m s− 1 as measured by the Research Moored 
Array for African-Asian-Australian Monsoon Analysis and Prediction 
(RAMA) buoy on the right-hand side of the cyclone track (Maneesha 
et al., 2012). A similar enhanced right-hand side cooling of the track of 
the cyclone for the post-monsoon Bay of Bengal cyclones (1999) is 
observed by Wang et al. (2012a), using the Hybrid Coordinate Ocean 
Model (HYCOM). Using a simple ocean model for a Bay of Bengal 
cyclone, Behera et al. (1998) show that the vertical shear associated with 
the inertial currents in the mixed layer plays a decisive role in the sur
face cooling and deepening of the mixed layer. The western boundary 
current along the west coast of the Bay of Bengal got enhanced by ~0.5 
m s− 1 due to the effect of Cyclone Roanu (Mandal et al., 2018). Simi
larly, in the Arabian Sea, during Cyclone Phyan, enhanced open ocean 
cooling was observed on the right-hand side of the cyclone track (Byju 
and Kumar, 2011). There also inertial and sub-inertial oscillations are 
triggered by the cyclone winds which persists for 2–14 days (Price, 
1981; Rao et al., 2010; Wang et al., 2012b; Girishkumar et al., 2014). 

Various observational studies show that the asymmetry in cyclone 
induced cold wake in the north Indian Ocean is also observed in the 
Atlantic and the northwest Pacific Ocean (Shay and Elsberry, 1987; Shay 
et al., 1989, 1992; Monaldo et al., 1997; Liu et al., 2007). Using a two- 
layer reduced gravity ocean model for the cyclone in the Atlantic basin, 
Samson et al. (2009) show that the asymmetric cyclone-induced cold 
wake is also dependent on the translation speed of cyclones. Fast- 
moving cyclones lead to higher asymmetric cold wake as compared to 
slow-moving cyclones. Similar results are shown by Mei and Pasquero 
(2013) based on a composite study using satellite data. However, an 
independent analysis for the north Indian Ocean is pending. 

Contradictory to the open ocean rightward enhancement in the 
ocean cooling, near the east coast of India in the Bay of Bengal, more 
cooling is observed on the left-hand side of the cyclone track. This 
contrasting response in cyclone-induced SST cooling along the western 
Bay of Bengal as compared to the open ocean is because of the off-shore 
transport of the ocean water, leading to an enhanced upwelling towards 
the left of the cyclone center (Mahapatra et al., 2007). A similar 
enhanced cooling on the left-hand side of the cyclone center near the 
coast was observed in the case of Cyclone Roanu in May 2016 (Mandal 
et al., 2018) and Cyclone Thane in December 2011 (Chacko, 2018a). 

4.4. Cyclone induced ocean heat transport 

Emanuel (2001) suggests that cyclone-induced mixing pumps ocean 
surface heat downward into the thermocline due to winds induced 
turbulent mixing, and may be responsible for a significant amount of 
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oceanic meridional heat transport. The globally averaged cyclone- 
induced ocean heat uptake is found to be 0.48 PW per year, based on 
SST anomalies derived from the Tropical Rainfall Measuring Mission's 
(TRMM) Microwave Imager (TMI) for the period 1998–2005 (Sriver 
et al., 2008). Using observational analysis, it is estimated that about 15% 
of the ocean heat transport from the tropics to the extratropics is asso
ciated with the cyclone induced downward ocean heat pumping which is 
then transported poleward (Sriver and Huber, 2007). However, not all of 
the heat pumped by the cyclone into the ocean is transported poleward, 
some is lost into the atmosphere (Pasquero and Emanuel, 2008) and it 
also gets significantly reduced due to the seasonal deepening of the 
mixed layer depth (Jansen et al., 2010). A separate analysis for the South 
Pacific Ocean shows that the global average estimates of cyclone- 
induced ocean-heat uptake might be an overestimation and for the 
South Pacific Ocean it is only 0.015 PW per year (Jullien et al., 2012). 

Wang et al. (2012a), using a hybrid coordinate ocean model, show 
that two Bay of Bengal cyclones (1999 post-monsoon season) signifi
cantly reduced the ocean heat content (maximum reduction of 160 ×
1018 J), due to a southward ocean heat transport out of the Bay of Bengal 
and reduced downward net heat flux anomalies. The southward trans
port of the ocean heat out of the Bay of Bengal is transported along the 
western boundary of the basin, and continues up to months even after 
the dissipation of the cyclone (Wang et al., 2012a). However, Vincent 
et al. (2013) shows that in the north Indian Ocean, mostly all the heat 
uptake by ocean due to cyclones is released back to the atmosphere after 
the end of the cyclone season. More research is required to understand 
the mechanisms and quantify the cyclone induced heat transport. 

4.5. Cyclone induced changes in ocean salinity 

The sea surface salinity is also affected significantly by cyclones in 
the Bay of Bengal and the Arabian Sea, with the salinity generally 
increasing after the passage of the cyclone (Maneesha et al., 2012; 
Mandal et al., 2018; Chaudhuri et al., 2019; Venkatesan et al., 2020). 
After the cyclone passes, the Bay of Bengal has a saltier wake as 
compared to the Arabian Sea (Jourdain et al., 2013), due to the strong 
haline stratification in the Bay of Bengal (Neetu et al., 2012). In the 
Arabian Sea, the weak response of the salinity to the cyclone passage is 
similar to the northeast Pacific Ocean where also the absence of haline 
stratification leads to a less salty wake after the cyclone passage (Jour
dain et al., 2013). During Cyclone Phailin (post-monsoon season), the 
sea surface salinity increased by as large as 3–5 psu due to the cyclone 
induced vertical mixing (Qiu et al., 2019). This cyclone induced vertical 
mixing caused the saline subsurface water to advect to the surface, 
causing an increase in the surface salinity (Chaudhuri et al., 2019). 
During the passage of Cyclone Jal and Cyclone Roanu, an increase in 
salinity of 1 psu is observed (Girishkumar et al., 2014; Mandal et al., 
2018). However in the case of Cyclone Amphan (May 2020), a decrease 
in salinity is observed near the coast of Bangladesh during cyclone 
passage (Chauhan et al., 2021). This decrease in salinity during cyclone 
passage is because of enhanced freshwater runoff due to the very heavy 
rainfall caused by the cyclone (Chauhan et al., 2021). A similar upper- 
ocean freshening due to the very heavy rain associated with the cy
clones is observed in other ocean basins as well (Liu et al., 2007, 2020; 
Bond et al., 2011; Lin and Oey, 2016; Hsu and Ho, 2019). Chacko 
(2018b) observed that similar to the asymmetric response of the cyclone 
induced cooling, the salinity response to the cyclone is also asymmet
rical. Their study on Cyclone Vardah using microwave surface mea
surements of salinity in the Bay of Bengal showed a large increase in the 
salinity on the right of the cyclone track as compared to the left-hand 
side. They attributed this asymmetry in salinity to the asymmetric 
rainfall caused by the cyclone, with more rainfall on the left-hand side of 
the cyclone center. In addition, increased vertical mixing on the right- 
hand side of the cyclone due to stronger winds results in significant 
increase in salinity. The asymmetry in cyclone related rainfall and the 
vertical mixing leads to less saltier wake on the left-hand side of the 

cyclone track as compared to the right-hand side of the cyclone track 
(Chacko, 2018b). This asymmetry in the rainfall is observed for other 
north Indian Ocean cyclones also (Raghavan and Varadarajan, 1981; 
Thakur et al., 2018; Uddin et al., 2021). Based on a statistical assessment 
using satellite data, it is observed that the asymmetry in rainfall arises 
due the atmospheric wind shear with intense cyclonic rainfall concen
trated in the downshear left quadrant of the cyclone (Uddin et al., 2021). 
Such asymmetry in the cyclone rainfall is also observed in cyclones in 
the Northwest Pacific and the Atlantic Ocean (Cecil, 2007; Xu et al., 
2014; Yu et al., 2015). 

4.6. Negative feedback of cyclone-induced cooling on cyclones 

The cooling induced by the cyclone has a significant negative feed
back on the cyclone intensity (Bender and Ginis, 2000; Zhu and Zhang, 
2006; Walker et al., 2014; Scoccimarro et al., 2017; Chen et al., 2018), 
mainly due to the reduction in the surface enthalpy fluxes (Bender et al., 
1993; Schade and Emanuel, 1999; Cione and Uhlhorn, 2003). The 
negative feedback due to the cyclone-induced cooling is stronger in re
gions where the mixed layer is shallow or in the absence of barrier layer 
(Jullien et al., 2014). In the north Indian Ocean, using an ocean- 
atmosphere coupled and de-coupled experiment in regional model, 
Neetu et al. (2019) show that air-sea coupling reduces the pre-monsoon 
cyclone intensity. This is because intense cyclones induce large SST 
cooling in the pre-monsoon season, which reduces the enthalpy fluxes 
from the ocean to the atmosphere. However, this negative effect of air- 
sea coupling on cyclone intensity is offset by the stronger positive effect 
of seasonal changes in large-scale environmental parameters such as 
wind shear, and mid-level humidity. Further, they show that the effect of 
air-sea coupling on the contrast between the intensity of the pre- 
monsoon and post-monsoon cyclones is smaller as compared to the 
contrast in the environmental variables in these two seasons (Neetu 
et al., 2019). Similarly, using a three-dimensional coupled model, Sri
nivas et al. (2016) show that, the coupling with the ocean significantly 
reduces the cyclone intensity in the Bay of Bengal by reducing the 
enthalpy fluxes up to 800 W m− 2. Observations show a rapid weakening 
of Cyclone Ockhi immediately (1 day) after the cyclone interaction with 
its induced cold wake, resulting in a wind speed reduction from 85 knots 
to 30 knots in a span of 48 h. (Singh et al., 2020). 

5. Ocean biology in response to cyclones 

Cyclones have a significant influence on phytoplankton blooms, 
because the high cyclone winds generate strong upwelling, which en
hances the phytoplankton blooms through upward Ekman pumping of 
nutrients into the euphotic zone (Zhang, 1993; Babin et al., 2004; Prasad 
and Hogan, 2007; Zhang et al., 2018). The biological response of the 
ocean to the cyclones depends on multiple factors such as cyclone in
tensity, its translation speed and the ocean subsurface characteristics 
(Price, 1981; Zheng et al., 2008; Chacko, 2018a). 

The Bay of Bengal is generally a low productive basin as compared to 
the Arabian Sea due to large fresh water discharge in the Bay of Bengal 
leading to high stratification that suppresses the productivity in this 
basin (Vinayachandran et al., 2002). In the Arabian Sea, strong winds in 
the southwest monsoon season enhance the productivity in the west 
Arabian Sea (Ryther et al., 1966) though the east Arabian Sea is less 
productive. In the winter season, the dry northerlies cause convective 
mixing in the north Arabian Sea which enhances the productivity in this 
region (Madhupratap et al., 1996). In the pre-monsoon season 
(April–May), the Arabian Sea is generally nutrient-depleted with surface 
chlorophyll concentration varying from 0.1 to 0.4 mg m− 3 (Prasanna 
Kumar et al., 2000). During this time, a maximum chlorophyll concen
tration is observed in the subsurface at about 40–60 m depth (Bhattathiri 
et al., 1996). 

The average surface chlorophyll concentration associated with 
cyclone induced phytoplankton blooms based on satellite estimates 
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during the period 1997–2019 is about 1.65 mg m− 3 in the north Indian 
Ocean (Kuttippurath et al., 2021). Fig. 8 shows the chlorophyll bloom 
induced by different cyclones in the Bay of Bengal. Based on various case 
studies, it is observed that the passage of a cyclone significantly in
creases the surface chlorophyll by 3–8 mg m− 3 (Subrahmanyam et al., 
2002; Naik et al., 2008; Ali et al., 2020) and the increase in chlorophyll 
is ten to twenty-eight times more than the pre-cyclone chlorophyll 
values (Wang and Zhao, 2008; Ali et al., 2020). This increase in the 
chlorophyll is due to the strong vertical mixing and upwelling induced 
by the cyclone. The strong mixing and upwelling eliminate the sub- 
surface maxima of the chlorophyll and it gets distributed uniformly 
throughout the mixed layer (Subrahmanyam et al., 2002). 

In the Bay of Bengal large chlorophyll blooms ranging from 4 to 10 
mg m− 3 are observed after the cyclone passage (Reddy et al., 2008; 
Sarangi, 2011; Chacko, 2017). Vinayachandran and Mathew (2003) 
show that more chlorophyll is observed for years when there is a cyclone 
in the post-monsoon season in the Bay of Bengal, as compared to years 
when there is no cyclone. This shows that cyclone is one of the major 
drivers that enhances the annual mean surface chlorophyll in the Bay of 
Bengal. 

Menkes et al. (2016) show that the cyclones affect the annual pri
mary productivity mainly in the west Bay of Bengal and the east Arabian 
Sea, using observed data for the period 1998–2007. The annual contri
bution of the cyclone in increasing the primary productivity in these 
areas varies between 5 and 10%. The chlorophyll bloom induced by the 
cyclone throughout the ocean is not uniform, it varies from coast to open 
ocean with more blooms generally seen nearer to the coast (Wang and 
Zhao, 2008; Sarangi et al., 2014; Menkes et al., 2016). Also, few case 
studies in the Arabian Sea and the Bay of Bengal show that the presence 
of cyclonic eddies along the path of the cyclone affects the chlorophyll 

blooms, with the cyclonic eddies enhancing the blooms (Chacko, 2017; 
Lü et al., 2020; Vidya et al., 2021). The presence of a cyclonic eddy in the 
track of the cyclone enhances the cyclone-induced upwelling, resulting 
in intense chlorophyll bloom after cyclone passage (Ye et al., 2018). 
Based on a case study for Cyclone Phyan, Byju and Prasanna Kumar 
(2011) show that the biological response of the ocean to the cyclone lags 
by 3–4 days as compared to the physical response. This is because for 
Cyclone Phyan, the cyclone induced Ekman pumping velocity was 2 ×
10− 4 m s− 1, which means that it takes about 3.4 days for the nutrients to 
upwell from a depth of 60 m to the surface. Once the cyclone passes 
away, then the increase in sunlight and availability of nutrients en
hances the biological productivity. As a result, the increase in chloro
phyll was seen at a lag of 3–4 days. On an average, a similar lag in the 
chlorophyll response due to cyclones is observed for all the tropical 
cyclones during the period 1998–2007 (Menkes et al., 2016). 

5.1. Role of ocean stratification on cyclone-induced chlorophyll blooms 

It is seen that during the post-monsoon season in the Bay of Bengal, 
stratification also plays a dominant role in controlling the cyclone 
induced chlorophyll blooms (Vidya et al., 2017). Depending on the 
strength of the cyclone and the magnitude of stratification, the cyclone 
can break the stratification and bring in nutrients rich water onto the 
surface (Vidya et al., 2017; Maneesha et al., 2019). Weak stratification 
along the track of Cyclone Thane enhanced the chlorophyll bloom 
despite its low intensity. On the other hand, strong stratification before 
Cyclone Phailin limited the chlorophyll bloom after the passage of the 
cyclone despite of its high intensity (Vidya et al., 2017; Navaneeth et al., 
2019). Strong stratification also limits the spatial extent of the chloro
phyll bloom in the Bay of Bengal (Patra et al., 2007). Maneesha et al. 

Fig. 8. The average chlorophyll, overlaid with sea surface height anomalies contours (solid is positive and dashed is negative), for 5 days before cyclone, during the 
entire cyclone period, five days immediately after the passage of cyclone and the next 5 days—for cyclones (a) Sidr (2007), (b) Madi (2013), and (c) Vardah (2016). 
The tracks of each cyclone are shown by red color. Adapted from (Kuttippurath et al., 2021). (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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(2019) show that there is an inverse relationship between the barrier 
layer and cyclone-induced chlorophyll blooms. A shallow mixed layer 
also facilitates the enhancement of chlorophyll blooms during cyclone 
passage (Chacko, 2019). Chacko (2019) compared the ocean subsurface 
conditions during cyclones Hudhud and Vardah in the Bay of Bengal and 
concluded that the shallow mixed layer before Cyclone Hudhud played 
an important role in enhancing the chlorophyll blooms during the 
cyclone. On the other hand, a deeper mixed layer before Cyclone Vardah 
suppressed the chlorophyll blooms (Chacko, 2019). However, in the 
coastal areas once the cyclone has made landfall, the inverse relation
ship between the barrier layer and cyclone-induced chlorophyll blooms 
does not hold. In coastal areas, after the cyclone landfall, productivity 
tends to rise from land-driven nutrients due to the large amount of 
freshwater influx triggered by coastal flooding (Maneesha et al., 2019). 

5.2. Role of cyclone intensity and translation speed on cyclone-induced 
chlorophyll blooms 

Based on a case study for Cyclone Phailin, Latha et al. (2015) show 
that there is a positive correlation between the intensity of the cyclone 
and the cyclone induced chlorophyll bloom. However, based on long 
term data for the period 1990–2016, Chacko (2019) shows that the 
chlorophyll bloom is not only affected by the intensity of the cyclone in 
the north Indian Ocean. They show that there is an inverse relationship 
between the translation speed of the cyclone and the increase in the 
chlorophyll concentrations, with a significant correlation (r = − 0.69). A 
similar study in the north Indian Ocean using the ocean colour mea
surements from satellite (1997–2019) confirms the inverse relationship 
of the translation speed of the cyclone and the chlorophyll blooms 
(Kuttippurath et al., 2021). This indicates that with the decrease in the 
translation speed of the cyclone, the chlorophyll blooms increase. 
Cyclone Hudhud and Mala had similar wind speed, but Cyclone Hudhud 
had a lower translation speed than Cyclone Mala. As a result, Cyclone 
Hudhud induced stronger chlorophyll blooms than Cyclone Mala 
(Chacko, 2019). Similarly, Cyclone Thane induced high chlorophyll in 
the central Bay of Bengal when the cyclone was moving with a lower 
translation speed (Chacko, 2018a). This relationship of enhanced chlo
rophyll bloom with the cyclone translation speed is because slow- 
moving cyclones induce more momentum into the ocean surface and 
subsurface, and mix the ocean for a longer time as compared to the fast- 
moving cyclones (Sun et al., 2010; Mei et al., 2015). These studies 
indicate that not all intense cyclones induce chlorophyll bloom in the 
north Indian Ocean and even weak cyclones can induce strong chloro
phyll bloom depending on the ocean subsurface characteristics and the 
cyclone translation speed. 

6. Coupled interactions between cyclones and the climate 
system 

6.1. Ocean-cyclone-atmosphere coupled interactions in the north Indian 
Ocean 

The cyclones in the north Indian Ocean have a significant impact on 
the climate system also. Sreenivas et al. (2012) show that Bay of Bengal 
cyclones during the post-monsoon (1993–2009) significantly affects the 
intensity and phase propagation of Wyrtki jets. Wyrkti Jets are strong 
narrow equatorial eastward surface currents during the inter-monsoon 
periods (Wyrtki, 1973) that play an important role in the zonal redis
tribution of mass on the seasonal time scale (Reppin et al., 1999) and 
affects the upper ocean heat content that alters the air-sea interaction in 
the Indian Ocean (Behera et al., 2000). The surface wind speed gets 
enhanced by 3 m s− 1 due to the cyclone which leads to an average 
monthly increase of the Wrykti jets by 0.4 m s− 1. Also, the post-monsoon 
cyclones in the Bay of Bengal increase the upper ocean heat content in 
the eastern equatorial Indian Ocean by enhancing the subsurface ocean 
currents and lead to a deepening of the thermocline. This in turn leads to 

an increase in the transport of warm water to the east Indian Ocean, 
resulting in a subsurface warming of about 1.4 ◦C there (Sreenivas et al., 
2012). 

The severe cyclones during the pre-monsoon season in the Bay of 
Bengal are also found to play a role in triggering a positive IOD event in 
the Indian Ocean (Francis et al., 2007). The positive IOD events during 
the period 1982–2003 are found to be preceded by at least one severe 
cyclone in the Bay of Bengal (Francis et al., 2007). The severe cyclones in 
the Bay of Bengal in April–May strengthen the meridional pressure 
gradient over the eastern equatorial Indian Ocean, leading to an 
anomalous southeasterly flow along the Sumatra coast and enhanced 
coastal upwelling, causing a decrease in SSTs in this region. This leads to 
the development of the east-west gradient of SSTs. Further, the severe 
cyclones in April–May consume a large amount of atmospheric moisture 
leading to the anomalous lower integrated water vapor after a cyclone 
which causes suppression of the convection over the eastern equatorial 
Ocean. Francis et al. (2007) argue that this suppression of convection in 
the eastern equatorial Indian Ocean leads to the enhancement of the 
convection over the western equatorial Indian Ocean. The shift in the 
convection pattern leads to the weakening of the westerlies in the cen
tral equatorial Indian Ocean. This triggers positive feedback with more 
convection in the western equatorial Indian Ocean, suppressed con
vection in the eastern equatorial Indian Ocean, and anomalous easterly 
flow along the central equatorial Indian Ocean (Francis et al., 2007), 
leading to an IOD. 

6.2. Impact of north Indian Ocean cyclones on the atmospheric 
circulation in the South China Sea 

In 2019, Cyclone Fani which formed in the Bay of Bengal in late April 
caused an early advancement of the monsoon over the South China Sea 
(Liu and Zhu, 2020). Cyclone Fani released a tremendous amount of 
latent heat which shifted the South Asian High northwards from its 
normal position and simultaneously strengthened the upper-level trough 
west of the Tibetan Plateau. Also, Cyclone Fani transported a large 
amount of moisture to the South China Sea which strengthened the mid- 
latitude trough. A combination of these factors led to an early onset of 
monsoon over the South China Sea in 2019 (Liu and Zhu, 2020). 

7. Observed and projected changes in ocean-cyclone 
interactions 

7.1. Observed changes in ocean-cyclone interactions 

7.1.1. Changes in ocean-cyclone interactions in the Arabian Sea 
Observations show that the average ACE of the pre-monsoon cy

clones in the Arabian Sea almost doubled from 3.8 knots2 in the period 
1980–1999 to 7.19 knots2 in the period 2000–2019 (Fig. 9a). Similarly, 
in the post-monsoon season, the average ACE of the cyclones has also 
doubled, from 2.55 knots2 in the period 1980–1999 to 5.44 knots2 in the 
period 2000–2019 (Fig. 9a). Similar to the changes in ACE, the average 
lifetime maximum intensity of the cyclones in the Arabian Sea has 
increased from 54.2 knots to 75 knots for the pre-monsoon season and 
from 53.2 knots to 65 knots for the post-monsoon season, between the 
earlier (1980–1999) and recent (2000–2019) periods (Fig. 9b). This is in 
line with previous studies which show that the intensity of cyclones in 
the Arabian Sea has increased in the recent decade (Evan et al., 2011; 
Murakami et al., 2017; Deshpande et al., 2021). 

The increasing intensity of the Arabian Sea cyclones in the recent 
decade is linked to an increase in SSTs and a decrease in the vertical 
wind shear (Evan et al., 2011; Murakami et al., 2017). However, for a 
long-term period involving the pre-satellite period, it is observed that 
the intensity of the cyclones in the Arabian Sea exhibits a multidecadal 
variability (Rajeevan et al., 2013). During the period 1955–1973, six 
intense cyclones were observed, the total number of intense cyclones 
decreased to four during the period 1974–1992 and again the number 
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increases to seven during the period 1993–2011 (Rajeevan et al., 2013). 
This variability in the intensity of the Arabian Sea cyclones is linked to 
the multidecadal variability of upper ocean heat content. The upper- 
ocean heat content was large during the epoch 1955–1973 and 
1993–2011 leading to intense cyclones in these epochs (Rajeevan et al., 
2013). 

7.1.2. Changes in ocean-cyclone interactions in the Bay of Bengal 
In the earlier section, it is seen that in the Arabian Sea, the ACE has 

increased significantly in the recent period (2000–2019), however in the 
Bay of Bengal the changes in the ACE are negligible (Fig. 9a). Similarly, 
the cyclone maximum intensity in the Bay of Bengal (in both the pre- 
monsoon and post-monsoon seasons) remains almost unchanged, with 
a slight decrease in the lifetime maximum intensity of the cyclone is 
observed in the pre-monsoon season in the recent period (Fig. 9b). There 
is no significant change in the lifetime maximum intensity of Bay of 
Bengal cyclones, however, it is observed that in the recent decade 
(1998–2015), there is a fourfold increase in the rapid intensification rate 
of cyclones in the post-monsoon season (Fan et al., 2020). This increase 
in the rapid intensification is associated with the northeastward shift of 
the cyclone tracks. Due to this northeastward shift in the cyclone track, 
now more cyclones are reaching the northern Bay of Bengal that has low 
salinity and is highly stratified. Due to the higher stratification, the 
cyclone-induced cold wake gets suppressed, resulting in favorable ocean 
conditions for the cyclone to gain more energy and undergo rapid 
intensification (Fan et al., 2020). Also, the conversion rate of cyclones 
intensifying into a category 3 or higher intensity cyclone east of 90◦E has 
increased from 14% during 1981–1995 to 42% during 1996–2010 due to 
rapid warming of SSTs in the east Bay of Bengal (Balaguru et al., 2014). 

The warming in the Bay of Bengal is possibly associated with the 
changes in the ocean heat content which is governed by the heat 
entering from the eastern side through the Indonesia throughflow 
(Sprintall and Revelard, 2014) and the heat leaving from the western 
side. During the period 1999–2014, the incoming heat flux from the east 
into the Bay of Bengal increased significantly (from 0.18 × 1012 W/ 
month to 0.57 × 1012 W/month), indicating that more heat is entering 
the region (Anandh et al., 2018). On the other hand, a significant 
reduction in the outgoing heat flux along the western boundary has also 
been found from the analysis. This results in the accumulation of heat in 
the Bay of Bengal leading to an increase in the ocean heat content 
(Anandh et al., 2018). 

The monsoon season (June–September) generally does not see strong 
cyclones in the north Indian Ocean due to strong shear. However, it is 
observed that there is an increasing trend in the intensity and frequency 
of the cyclones in the monsoon season based on the satellite data until 
the year 2004 (Rao et al., 2008; Krishna, 2009). This increase in the 
intensity of cyclones is linked to the warming of the tropical Indian 
Ocean which plays a role in the reduction of the atmospheric wind shear 
leading to an increase in the intensity of the cyclones in the monsoon 
season in recent years (Krishna, 2009). 

7.2. Projected future changes in ocean-cyclone interactions 

Few studies have examined the future changes in cyclone activity in 
the north Indian Ocean using the Coupled Model Intercomparison 
Project Phase 5 (CMIP5) model experiments (Bhatia et al., 2018; Bell 
et al., 2020). CMIP5 involve more than fifty models, that provide 
century-scale future simulations of ocean and atmosphere for different 
scenarios of global warming and radiative forcing. These long-term ex
periments help us to understand how the ocean and atmosphere will 
change with the increase in emissions and the radiative forcing (Taylor 
et al., 2012). Bhatia et al. (2018) using model simulations (RCP 4.5 
scenario) projects that there will be a fourfold increase in the percentage 
of cyclones intensifying to an intense cyclone (category 4 or higher) in 
the north Indian Ocean during the period 2081–2100 as compared to the 
period 1986–2005. Similarly, in a 2 ◦C warming scenario, a 5% increase 
in the intensity of cyclones in the north Indian Ocean is projected 
(Knutson et al., 2020). Not only the intensity of cyclones but also the 
frequency of cyclones is projected to increase by 40–50% especially in 
the Arabian Sea. On the contrary in the Bay of Bengal, the frequency of 
cyclones is projected to decline by ~30% in a global warming scenario 
(Murakami et al., 2013; Bell et al., 2020). With the projected decrease in 
the frequency of the Bay of Bengal cyclones, the landfall rate of the 
cyclones at the east coast of India is also projected to decrease by two 
cyclones per decade (Bell et al., 2020). The north Indian Ocean is rapidly 
warming (Roxy et al., 2019) and has contributed to more than 25% of 
the total increase in the ocean heat content globally in the last 20 years 
(Lee et al., 2015; Cheng et al., 2017). In a global warming scenario, an 
increase in SSTs at a faster rate in the Arabian Sea as compared to the 
Bay of Bengal is one of the major thermodynamic parameters due to 
which models are projecting an increase in the frequency of the cyclones 
in the Arabian Sea (Murakami et al., 2012, 2013). 

Based on the TRMM estimates for the cyclones during the period 
1997–2017, Ankur et al. (2020) show that the rainfall rate in the inner 
core (0–100 km) of the cyclone is high in the Bay of Bengal basin (9–10 
mm hr− 1) as compared to the Arabian Sea basin (7–8 mm hr− 1). Also, the 
rainfall rate in the inner core of the cyclones increases with the intensity 
of the cyclones (Ankur et al., 2020). For the north Indian Ocean, in a 2 ◦C 
warming scenario, along with the intensity of cyclones, the rainfall rate 
associated with the cyclones is also projected to increase by ~18% 
(Knutson et al., 2020). A similar projected increase in the rainfall rates 
for the north Indian Ocean cyclones is reported by Walsh et al. (2016). In 
a global warming scenario, along with the north Indian Ocean, the 
rainfall rate associated with cyclones in different ocean basins is also 
projected to increase (Knutson et al., 2010; Lin et al., 2015). 

Fig. 9. (a) Accumulated cyclone energy (knots2) and (b) lifetime maximum 
intensity (knots) of cyclones during the period 1980–1999 (blue bars) and 
2000–2019 (orange bars) in the Arabian Sea and the Bay of Bengal basin during 
the pre-monsoon and post-monsoon seasons. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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8. Concluding remarks and suggested leads for future research 

We have provided a review of our current understanding of the 
ocean-atmosphere interaction in response to cyclones in the north In
dian Ocean. Fig. 10 and 11 highlights some of the key ocean-cyclone 
interaction processes that we have understood so far. A large number 
of studies have investigated the cyclone-ocean interactions in the region 
but there are still several limitations to our understanding of these 
complex interactions. 

8.1. Scope for improvement in our understanding of ocean-cyclone 
interactions 

There is an in-depth understanding on the processes controlling the 
impact of ocean temperatures on the cyclones and the cyclone induced 
SST cooling in the two basins during the two cyclone seasons. However, 
a detailed quantification on the processes controlling the sub-surface 
temperatures and a statistical assessment of the recovery time of the 
SSTs and the ocean heat content need to be carried out. The pre- 
monsoon cyclone season is immediately followed by the monsoon sea
son. Hence it is important to understand the mechanisms regulating the 
recovery time of ocean temperatures, as studies for other basins show 
that the cold wake induced by the cyclone can significantly modulate the 
ocean-atmosphere interaction and can reduce the cloud cover and rain 
for weeks after the passage of the cyclone (Ma et al., 2020; Pasquero 
et al., 2021). Chan and Chan (2012) show that the larger size of West 
Pacific cyclones is possibly associated with the higher SSTs, and the size 
of the cyclone influence the spatial extent of the cyclone induced cooling 
(Pun et al., 2018). We require a similar understanding for the north 
Indian Ocean that can provide insights into the role of pre-monsoon 
cyclone-ocean interactions on the subsequent monsoon season. 

Cyclones can induce ocean heat transport out of the basin and can 
significantly alter the net heat content, as observed in the Bay of Bengal. 
However, a detailed analysis of the poleward ocean-heat transport in 
response to the cyclones is pending for the Arabian Sea. The ocean 
response to cyclone is not symmetrical along the track of cyclones, as 
discussed in section 4 (Fig. 10). Fig. 10 summarizes the asymmetrical 
ocean response to the cyclone due to the asymmetric wind forcing and 
ocean currents. There is scope for a comprehensive understanding that 

includes research on the evolution of the ocean surface and sub-surface 
currents in response to this asymmetric ocean-cyclone interaction. Cy
clones in the Bay of Bengal are observed to intensify as they move across 
warm core eddies and weakens as they move across cold core eddies. It is 
important that we have a similar understanding of the role of ocean 
eddies in governing the intensity of cyclones in the Arabian Sea. 

As mentioned in section 5, a lot of research have explored the bio
logical response of the Arabian Sea and the Bay of Bengal in the two 
seasons. The spatial extent and magnitude of the chlorophyll blooms 
depend on the cyclone translation speed and intensity, and ocean sub
surface conditions such as barrier layer, mixed layer and ocean strati
fication. This research is important since an increase or decrease in the 
number of cyclones can significantly affect the biological conditions of 
the north Indian Ocean, and that may have a significant influence on the 
marine food chain. More studies are required to comprehensively eval
uate the contribution of cyclones in increasing the seasonal net- 
productivity in the two basins and the impact of size of the cyclone on 
these chlorophyll blooms. 

8.2. Improving cyclone forecasts with better observations 

The forecast of the cyclone tracks and landfall positions of the north 
Indian Ocean cyclones have significantly improved with time and 
human fatalities have reduced in the recent period (Mohapatra et al., 
2013b, 2015; Ray et al., 2021). However, the forecast of the intensity of 
the cyclones with high lead time remains a challenge, particularly when 
the intensification is rapid (Mohapatra et al., 2013a). This is due to the 
gaps in in-situ ocean observations which lead to poor initial condition in 
the numerical weather prediction models resulting in an increase in 
forecast error of these models (Mohapatra et al., 2013a; Bell et al., 
2020). Webster (2013) points out that the cost of extended 2-week 
forecasts for South Asia for hydrometeorological hazards including 
tropical cyclones is relatively small, amounting to a maximum of $3 
million per year. Considering that the economic losses due to these di
sasters exceed $3 billion per year (International Disaster Data Base) and 
continues to rise with global warming, there is an urgent need to 
improve the extended predictability of these cyclones. We have seen that 
the ocean plays a very important role in modulating the cyclone genesis 
and its intensity. Hence implementing high-resolution surface and 

Fig. 10. Schematic highlighting some of the key open-ocean processes involved in the asymmetric response of the ocean-cyclone interactions over the north In
dian Ocean. 
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subsurface ocean observations instruments for closely monitoring the 
changes in the characteristics of the ocean is a priority (Beal et al., 
2020). An increase in the number of moorings (e.g., RAMA, and Ocean 
Moored buoy Network for the Northern Indian Ocean (OMNI)) and 
buoys (ARGO) for the profiling of the oceanic variables in real-time can 
give us more accurate estimates of the ocean. Improved ocean obser
vations play a crucial role in validating and initializing ocean- 
atmosphere coupled models and are assimilated into regional and 
global models which can play a crucial role in cyclone forecasting. The 
number of tide gauges installed at the coastal boundaries of the Indian 
Ocean rim countries needs to be increased, as it will give a better idea 
about the storm surges caused by the cyclones along the coastal belt. 
While forecasting the intensity of cyclones, all these oceanic conditions 
and associated interactions need to be tightly integrated into the model. 

The heat flux exchange between the ocean and the atmosphere is one 
of the major factors that control the intensity of the cyclone. The esti
mation of heat fluxes at the ocean surface remains a challenge (Yu, 
2019). The flux measurements from the RAMA moored buoy array are 
essential in improving the flux estimates during the genesis of cyclones 
which can significantly improve the cyclone forecast (Beal et al., 2020). 
As shown earlier, the salinity plays a crucial role in governing the ocean 
characteristics and the ocean-cyclone interaction. Therefore, the in-situ 

observations of surface salinity during the cyclone also need to be 
improved as satellites fail to sense the salinity variations of the upper 
ocean due to deep convective clouds during the time of cyclone. 
Currently, there are only two satellite scatterometers that provide 
approximately 60% coverage of the ocean at 6-hourly interval, the de- 
correlation time scale of the diurnal cycle (Beal et al., 2019). The 
spatial and temporal coverage of satellite-derived winds and wind stress 
estimates over the open ocean needs to be increased especially at the 
time of a cyclone as it will give a better idea about the ocean-atmosphere 
coupling and diurnal variations during the cyclone. 

8.3. Understanding the changes in ocean-cyclone interactions under rapid 
ocean warming 

The north Indian Ocean is warming at a rapid pace. As a result of 
ocean warming, the TCHP is increasing at a rate of 0.53 kJ cm− 2 in the 
Arabian Sea (Rajeevan et al., 2013). This highlights that the ocean is 
becoming more conducive to fuel intense cyclones. A large number 
(62%) of intense cyclones (wind speed >100 knots) in the north Indian 
Ocean attain their maximum intensity within 200 km away from the 
coast (Hoarau et al., 2012). Hence, further studies should not only focus 
on the changes in the open ocean characteristics but also on the changes 

Fig. 11. Schematic highlighting some of the key processes involved in the ocean-cyclone interactions in the north Indian Ocean. Quantification of the ocean 
temperatures, translation speed, and ocean cooling is based on the studies discussed in this review. 
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near the coast and its role in the increasing intensity of cyclones, espe
cially in the Arabian Sea. The cyclone size and cyclone induced rain rate 
are projected to increase with the increase in the SSTs in a global 
warming scenario (Lin et al., 2015; Chavas et al., 2016; Sun et al., 2017). 
Hence, it is important to understand the role of SSTs on the cyclone size, 
the two-way feedback (that is the impact of size of cyclone on the SSTs) 
and the associated rain in the north Indian Ocean, as an increase in 
cyclone size and the rain rate may broaden the cyclone impacted areas 
and will enhance the risk of flash floods in the coastal areas. As climate 
models continue to project continued rapid warming of the north Indian 
Ocean (Ogata et al., 2014), more studies should focus on how the ocean- 
atmospheric processes during cyclones will change in the future. 
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