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Abstract: 

Cyclone Hudhud originated in the Andaman Sea on October 6, 2014. Later, it intensified into a 
cyclonic storm on October 8 and eventually made landfall at Visakhapatnam on October 12 as a 
very severe cyclonic storm. It was intensified off of Visakhapatnam by high stratified waters with a 
thick barrier layer that held significant heat content. In this study, we analyzed the data along the 
cyclone track using a combination of satellite, in-situ Argo and Bio-Argo data to assess the upper 
oceanic changes along the Hudhud track. Notable changes were detected in the upper ocean due to 
its extreme intensification and prior passage through cold core eddies. A high translation speed and 
persistent stratification dominated the effects caused by the cold core eddies on the intensification 
of the cyclone and the same was attributed to the upwelled subsurface chlorophyll maxima. The 
biophysical changes in the top 150 m layer derived from Argo floats were in good agreement with 
the satellite and model data. Further, it was observed that the increase in lightning flash rates also 
influenced surface productivity during the cyclone. Subsequent to the passage of the cyclone, the 
ocean took two weeks to achieve its original state. 
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1 Introduction: 

Tropical cyclones are known for causing devastation and are one of the most destructive phenomena 

on earth (Keimetal, 2007).The North Indian Ocean (NIO) that includes the Arabian Sea and Bay of 

Bengal (BOB) is one of the favorable regions for the formation of strong tropical cyclones (Bhaskar 

Rao and Hari Prasad, 2007). Previous studies have reported that the BOB cyclone intensities are 

increasing and they suggest that there are significant changes in the upper ocean and associated 

biophysical responses(Singh etal., 2010;Geetha and Balachandran, 2014; Holland and Bruyere, 

2014). Cyclones mainly occur over the BOB in the months of April-May and October-November and 

they intensify as severe cyclonic storms. Tropical cyclone Hudhud formed as a depression in the 

Andaman Sea,strengthened over central BOB, and became a very severe cyclone before its landfall 

at Visakhapatnam. Due to its extreme conditions, this severe cyclone significantly modified the 

ocean conditions along its track as well as the surroundings. It is important to understand the 

influence over the ocean and atmosphere during the different stages of a storm (i.e., at deepening, 

pre-deepening and post-deepening). Several studies have explained the ocean’s response due to 

cyclone activity in the upper ocean but they are mainly restricted to the surface layer (Lin et al., 

2003; Babin et al., 2004; Shi and Wang, 2007; Liu et al.,2009; Hung and Gong, 2011).The 

freshwater influx in the monsoon season develops high stratification and strong barrier layers over 

the BOB, which is conducive for the formation and intensification of severe cyclones during the 

post-monsoon season(Balaguru etal.,2012,2014;Vissaet.al.,2013). This barrier layer is primarily 

controlled by the isothermal and mixed layers (GireeshKumar et al., 2011). The semi-annual peak in 

the barrier layer is observed in the central BOB during August-September, and the thick barrier layer 

is confined to east Bay during June and extends up to central Bay during November-December 

(Pankajakshan et al., 2002). 

It is difficult to obtain conventional observations over the ocean and during the intensification 

of the storm we were restricted to depending on space-based satellite observations. These 

observations provided us with very useful information on oceanic surface parameters related to pre-

and post-cyclonic conditions (Goni et al., 2009). Subsurface moorings like the Argo and buoys also 

provide valuable information of the entire oceanic layer up to 2000min depth. Even though the Argo 

delivers useful information of the subsurface data in fair weather conditions, few of them can 

withstand extreme weather conditions. The floats that can enduresevere weather conditions provide 

very valuable data on the ocean vertical structure (Maneesha et al., 2012;Chako et al., 2017).The 

number of Argo floats over the BOB are limited, and recently, there have been additional 

deployments of Bio-Argo floats in the area. The combination of these observations allowed us to 
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collect data during the various stages of the Hudhud and facilitated the investigation of 

biogeochemical changes in the water column in real time. Though the Argo floats are sparse in the 

BOB as compared to other regions, it was observed that one of the Bio-Argo floats(yellow 

dots)(Fig.1 ID: 2902114)was located on the track and a few Argo floats(red and green dots)were 

located around the Hudhud’s passage. The Hudhud formed as a low-pressure system over the North 

Andaman Sea on October6, 2014 and passed along the Andaman Islands. Moving further in a west-

north-west direction, it became a severe cyclonic storm on October9, and further intensified into very 

severe cyclonic storm in 24 hours. On October12, 2014, it crossed the densely populated city of 

Visakhapatnam, which is located on the east coast. Due to its intensification and passage through 

urban areas, the Hudhud caused significant damage to infrastructure and resulted in human losses 

(https://ndma.gov.in). Apart from the changes that occurred on land regions, there have been 

significant changes observed over the ocean. For instance, tropical cyclones alter the dynamics of the 

water whil eat the same time impacting the biology of the water column (Narvaker et al., 2014; Kay 

etal., 2018). Additionally, strong winds associated with the cyclone break the stratification and mix 

the water column thoroughly from below upto the thermocline, leading topermanent mixing and 

pumping of cold water to the surface (Jansen et al., 2010). Depending on the strength of a storm (Lin 

et al., 2003; Hanshaw et al., 2008; Lin, 2012; Foltz et al., 2015), these cold nutrient-rich waters are 

brought to the surface layer(euphotic zone) and are utilized by phytoplankton, which ultimately 

enhances primary production (Eppley and Renger,1988; Marra et al., 1990; Dickey et al., 1998). Lin 

et al (2003)reported that it is very difficult to accurately estimate the enrichment of primary 

production induced by cyclones, and therefore, this needs to be assessed more preciously.The 

strongest upwelling that takes place at the center of a storm leads to massive entrainment with slow 

translation speeds (Lin et al., 2003; Shi and Wang, 2007), and also, the relative productivity may also 

depend on the thickness of the barrier layer itself(Mackey et al., 1997), which is non-uniform and this 

barrier layer will be eroded by the upwelling and the mixing caused by the cyclone winds. It has been 

observed and reported that chlorophyll biomass and productivity changes are associated with the 

changes in the barrier layer thickness. For example, during the period April27-May 3,the cyclone 

Narg is formed over the BOB, and one of the Research Moored Array for African-Asian-Australian 

Monsoon Analysis(RAMA)floats captured the thin barrier layer (McPhadenetal., 2009). Few studies 

are available on the impacts on the barrier layer in relation to productivity during post-cyclone 

conditions. The intensity of the biomass varies with the presence of meso-scale features of a storm 

along the cyclone track. There are several studies on the intensity changes of cyclones bypassing 

through meso-scale feature like warm and cold core eddies (Hong et al.,2000;Shay etal., 2000; Goni 

and Trinanes, 2003; Lin etal., 2005; Ali etal., 2007;Sadhuram etal., 2011; Walker etal., 2014;Chacko, 
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2017).The warm/cold core eddy positively/negatively contributes to the cyclone 

intensification/weakening as well as the decrease/increase in the productivity rate. The pre-existing 

cold core eddy along the cyclone track lifts the isotherms before the arrival of the cyclone, leading to 

low temperatures and high nutrients compared to normal conditions (no eddy).After the arrival of a 

cyclone with low translation speeds, these nutrients are uplifted, which significantly promotes high 

production(Falkousski etal., 1991;Sweeny etal., 2003; Walker etal., 2005;Nencioli etal., 2008; Liu 

etal., 2009). Recently, Chacko(2017) reported on the rise in chlorophyll during the Hudhud cyclone. 

In the present study, we investigate the biophysical responses of the upper ocean during pre-and post-

cyclone conditions, with special emphasis on the variations in the barrier layer, heat content, and the 

suppressed effect of cold core eddies on tropical cyclone Hudhud that formed over the BOB. The 

following Section 2 describes the data and method used, Section 3 provides the major findings, and 

Section 4 presents the summary and conclusions of this study. 

2 Data and Methods: 

The Argo and Bio-Argo floats located over the BOB that are nearer to the Hudhud track were 

considered for this analysis. Fig. 1 shows the Hudhud observed track and the location of the Argo 

floats (green and red dots). Temperature and salinity data were collected from the Argo floats along 

the Hudhud track. The Argo and Bio-Argo data were obtained from the Coriolis Argo data center. 

The temperature and density data were interpolated to every 1m using spline interpolation and 

computed the mixed layer depth (MLD) and barrier. 

Sea surface temperature (SST) above 26-27 � is necessary for the formation of tropical 

cyclones (Palmen, 1948; Gray, 1968), and the same plays a major role in determining the tropical 

cyclone heat potential (TCHP) (Leiper and Volgenau, 1972;Shay et al., 2000; Wada and Usui, 2007). 

The TCHP is the integrated heat content from the surface to the 26 � isotherm and is computed from 

the vertical profile using the following method (Leiper and Volgenau, 1972): 

                                              TCHP =  
26

0
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D
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in which ρ is the density of the water column above the 26� isotherm, CPis the specific heat of 

seawater at constant pressure; T is the average temperature of two consecutive layers of a depth 

increment dZ,and D26 is the depth of the 26� isotherm. 

Stratification was computed using the equation: 
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where ρ is the density,dρ/dZ is the density gradient, and Nois the reference buoyancy frequency, 3cph 

(Shay et al., 2011). 

The near real-time TCHP can be estimated from the sea surface height anomaly (SSHA)and is 

very useful in forecasting cyclone intensity (Goni and Trinanes, 2003). The operational altimeter 

derived analysis of TCHP is available at the National Oceanic and Atmospheric Administration 

(NOAA) National Hurricane Center. Recent studies have also shown that cyclones are intensifying 

over a thick barrier layer, which holds high heat content due to a lack of entrainment (McPhaden et 

al.,2009; Balaguru et al., 2012; Vissa et al., 2013). Thick barrier layers were observed in the BOB due 

to high fresh water discharge or precipitation (Pankagakshan et al., 2007). 

Fig. 2 depicts the schematic representation of the barrier layer. In this study,greater emphasis 

has been placed on the TCHP and the barrier layer since they play major roles in the intensification of 

cyclones over the BOB(Goni and Trinanes, 2003; Balaguru et al., 2012). 

The isopycnal displacement due to the upwelling at the center of the cyclone is computed using the 

following formula (Price et al., 1994; Babinet al., 2004): 

 , ------------------ (3) 

 

where  is wind stress, ρo is the density of seawater, f is Coriolis parameter, and Uhis the cyclone 

translation speed. 

The winds data was retrieved from the Advanced Scatterometer (ASCAT) 

(http://apdrc.soest.hawaii.edu/). The SST and chlorophyll data sets were obtained from the Moderate 

Resolution Imaging Spectroradiometer (MODIS) and merged satellite data from the Copernicus 

Marine data center. Geostrophic currents data has been retrieved from CMEMS NRT satellite 

Geostrophic Surface Currents (Rio et al., 2014). In-situ weekly average ocean data was taken from 

Armor3D (http://marine.copernicus.eu/), and lightning data was obtained from the World Wide 

Lightning Location Network (www.wwlln.net). 
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3 Results and Discussions: 

Observed upper oceanic changes in the central and western parts of the BOB due to cyclone Hudhud 

were analyzed using both Argo and satellite datasets. As depicted in Fig. 1,the Argo data was 

extracted in two sections across the track and both were very similar.The cross-section during pre-

cyclonic (green line) and the post-cyclonic conditions (red line)were extracted and computed. 

Figs.3a and 3b clearly show that the 28.5� isotherm sunk by nearly 20m on the left side of 

the track. Elevation of the 28.5�and 20� isotherms by approximately 30 m and 50m, 

respectively,was evident at the location near to the center of the cyclone. Similarly, on the right side 

of the track, there was a clear indication of the 28.5� isotherm sinking. These changes were caused 

by the strong upwelling at the center of the storm and sinking on both sides.Comparable observations 

were noted from the salinity data across the track (Figs. 3c,d).The mixed layer depth, which was 

computed with two different criterias using the temperature and density profiles variedbetween30-

50m and 15- 40m, respectively, along and across the track (white lines).The observed barrier layer 

depth (difference between two white lines) fluctuated from 0-30m(Figs.3a,b) before the formation of 

the Hudhud, and after its passage, the entire barrier layer was uplifted and became more thin at a 

depth of 10m. It is also important to note that the displacement of isotherms was also evident up to 

300m, indicating that the influence of the cyclone extended up to 300 m in the water column. Out of 

the total isopycnic displacement (approximately 4.5Pa) of 25m, wind stress included displacement of 

around 23m, which is also in agreement with the observed data. Hence, this clearly suggests that the 

effect of the cold core eddies was suppressed by the stratification. Further, it is apparent from Figs. 

3e and 3f that the negative temperature and positive salinity anomalies at the center of the cyclone 

was caused by upwelling in this area,which transported subsurface waters with high salinity and low 

temperatures.The computed TCHP across the cyclone track clearly identifies a loss of 38-42 kJ/cm2 

from the top layers above 50m (Fig.4a). This loss mainly contributed to the large amount of latent 

heat release that  facilitated the formation of convective clouds and associated extreme precipitation 

over the outer flow regions of the storm. This cloud feedback mechanism during the cyclone 

intensification also significantly enhanced the lightening activity and associated thunderstorms, 

known as Conditional Instability of Second Kind (CISK).The Bio-Argo float (ID: 2902114), which 

was located on the track with a total distance of about 120km(approximately 1°) demonstrated 

significant changes near the cyclone center(Fig.5).The TCHP at this float was 60 kJ/cm2 before the 

cyclone and it was reduced to 20kJ/cm2during the passage of the cyclone(Fig.4). A drop of 

40kJ/cm2wasobserved,and two weeks after the passage of the cyclone the TCHP raised to60 kJ/cm2, 

coinciding with the horizontal track observations (Table1).TheD26(depth of 26 �) isotherm,D20 
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(depth of20 �)isotherm, and the TCHP were back to their original values within two weeks due to 

persistent stratification in the upper layers (Figs. 4b,c).The Bio-Argo data from before, during, and 

after the occurrence of the cyclone was compared with the satellite data at the same location 

(Tables1, 2).SST variations were almost less than or equal to 0.5 �, and satellite SST was higher 

because it provides exact surface temperatures, whereas the Argo detects temperatures almost 5m 

below the surface. Whilst the sea surface salinity(SSS)differences were significant compared to SST, 

this was due to upwelling during the cyclone and may not have been captured by the satellite at the 

surface; however, the Argo recorded this information at 5m. A similar occurrence was also observed 

with respect to chlorophyll. Before the cyclone event, variations in the surface chlorophyll were 

limited, but after the occurrence of cyclones, even the satellite sensed the higher chlorophyll 

concentrations, with Argo measures at depths below 5 m where the chlorophyll is high compared to 

the surface. The data sets drawn by the Argo and satellite matched well and the differences were 

quite high during and after the event because of the variations in measurement depths. 

Analysis of the Bio-Argo data indicates an upliftment of isotherms at the center of the 

cyclone during its passage (Fig.5a). Both along the track and horizontal observations showed that the 

maximum shoaling was observed in the mixed layer based on temperature, which clearly signifies 

the upwelling phenomenon. Pankajakhan et al. (2002) also observed a good correlation between the 

isothermal and barrier layers during the post-monsoon season. The mixed layer shoaled during the 

passage and the barrier layer completely disappeared due to the strong upwelling and associated 

strong mixing caused by the strong cyclonic winds of approximately54 m/s(Figs. 5a, b). 

Upwelling at the center of the cyclone brought nutrient-rich waters to the upper layers of the 

ocean, which act as breeding grounds for phytoplankton. The peculiarity associated with the present 

cyclone track is that it passed through cold core eddies(Fig. 6c); however, its intensity was not 

affected by the eddies due to its high translation speed greater than 4.5m/sand higher 

stratification(S>3, Fig. 6b). In general,a cold core eddy pumps cold, nutrient-rich water from the 

subsurface, and when the cyclone passes through, upwelling occurs due to the combined effect of the 

eddy and the cyclone (Shang etal., 2015).However,in the present study, the isopycnal displacement 

of 23m was calculated from wind stress during the cyclogenesis, which was in agreement with the 

observed displacement determined by Argo and Bio-Argo data(Figs. 5a,b), indicating the suppressed 

effects of the eddies due to high stratification over the central and eastern parts of the Bay of 

Bengal(Figs. 6b and 5b).Prevailing high stratification was due to excesses rainfall prior to the 

cyclone in the month of September over the Indian subcontinent and also in the BOB (Fig.6a).As 

shown in Fig.7a, though there were no nutrient inputs from the cold core eddies, upliftment was seen 
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in the chlorophyll maxima because of the intense wind field and associated strong upwelling 

(Fig.5c).It was evident that high stratification regions during the strong cyclone broke the barrier 

layer through intense mixing. Based on the timeseries Bio-Argo data, the subsurface chlorophyll 

maximum was 1.5mg/m3, which was caused by cold core eddies that was lifted upwards during the 

passage of cyclone due to upwelling(Fig. 5c).Chlorophyll concentrations increased further to 4.5 

mg/m3 due to the availability of cool nutrient-rich water and sunlight at the surface (Fig. 5c).Similar 

findings were reported by Chacko (2017) one week after the passage of the cyclone. The subsurface 

low oxygen also shifted upwards due the upwelling at the center of the storm. The surface-induced 

oxygen maxima were observed at200 μmole/kg (Fig.5d) due to the level of productivity and also the 

high solubility of the cold upwelled waters. The rise in surface chlorophyll just before the 

intensification may have also been the result of the production of nitrous oxide (NOx)because of 

lightning(Fig.9).The satellite observations of surface chlorophyll also displayed the increase in 

chlorophyll concentration along the track of the cyclone(0.5 mg/m3, Fig. 8), and the drop in surface 

temperature of 3 � at the location of intensification (Tables 1 and 2). As shown in Fig.5b, the 

oceanic thermal structure achieved normal conditions after two weeks from the passage of the 

cyclone and the barrier layer thickness also increased due to precipitation (Figs.5b and 7b). A high 

Brunt-Väisälä frequency was observed in the top layers from September 30to October30, 2014, 

which indicates the thick barrier layer and high stratification. This demonstrates a negative relation 

between the barrier layer and productivity along the track of the cyclone. This phenomenon may not 

be applicable to coastal productivity after landfall because productivity tends to rise from land-driven 

nutrients due to the fresh water intrusion from coastal floods, and the barrier layer also increases due 

to fresh water influx. As a result, there may have been a positive relation in the coastal area after the 

cyclone landfall.  

4 Summary and Conclusions: 

Up to 300m of the oceanic layer over the BOB underwent several changes due to the occurrence of 

severe cyclonic storm Hudhud. For the first time, the presence of Argo and Bio-Argo floats near the 

cyclone track aided studies in determining the physical and biological changes in the water column. 

There was an upliftment of isotherms due to the upwelling caused by the cyclone at the center. 

Sinking was detected on the left and right sides of the track through the Argo, which is consistent 

with satellite observations. The barrier layer completely disappeared during the passage of the 

cyclone and became very thin across it strack. The heat loss of 40kJ/cm2 was reported across and at 

the center of the storm. The cyclone passed through two cold core eddies but its intensity was not 

changed due to its high translation speed and ocean stratification. The coincidence ofthe cold eddies 
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and the storm should have presented more intense upwelling, but in case of Hudhud, the high 

stratification suppressed the effect of the cold eddies. High stratification was due to the excess 

amount of rainfall prior to the tropical cyclone formation in the month of September. The ocean 

reverted back to the original thermal structure within two weeks after the passage of the cyclone.The 

upwelling induced blooms and high oxygen levels were evident at the center of the cyclone through 

the Bio-Argo floats and satellites. Thus, the occurrence of the storms in the post-monsoon season 

may alter the thickness of the barrier layer during and after their passage and have an impact on the 

biology of the system up to certain period after the passage of the cyclone. Nevertheless,it is 

necessary to study the integrated effects of post-monsoon cyclones on barrier layer dynamics and 

associated biology in the Bay of Bengal.An increase in number of Bio-Argo floats over the Indian 

Ocean will assist in better understanding post-cyclone impacts and inputting model data for 

enhanced simulations. 
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Fig.1. The Hudhud cyclone track and Argo sections across the cyclone track before (green line 
Track1) and after (red line Track2) the passage of the cyclone. Red and green dots represent Argo 
floats and yellow dots represent the Bio-Argo floats. 
 

 

 

 

  Fig.2.Schematic representation of the barrier layer. 
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Fig. 3. The top panel (a,b) represents temperature (contour interval 0.5) before and after the cyclone; 
the middle panel (c,d) depicts salinity (contour interval 0.25) before(September 24-29, weekly merged 
Argo data) and after(October 15-18, weekly merged Argo data) the cyclone; and the bottom panel (e,f) 
shows temperature and salinity anomalies(contour intervals 1 and0.15, respectively) before and after 
the cyclone crossed the track. 
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Fig.4. (a) TCHP(W/m2), (b) D26(m), and (c) D20(m)from the Argo time series data on the track 
during the passage of the cyclone. 
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Fig.5.Time series Argo observations of (a) temperature (contour interval 0.5), (b) salinity (contour 
interval 0.2), (c) chlorophyll (mg/m3) (contour interval 0.5), and (d) dissolved oxygen (DO, μmole/kg) 
(contour interval 25)on the cyclone track during the passage of the cyclone. 
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Fig.6. Distribution of (a)rainfall(mm), (b) stratification, and (c) surface currents (m/s). Blue and black 
dots show the track of the cyclone and red arrows point to the cold core eddies on the track. 
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Fig. 7.Time series observational data of (a) temperature(�) (contour interval 1), (b) salinity(psu) 
(contour interval 0.5),(c) Brunt-Väisälä frequency(cyc/hr) (contour interval 1), and (d) density 
anomaly(kg/m3) (contour interval 0.25)at the location of the cold core eddies and passage of the 
cyclone on October 10,2014. 
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Fig.8. The top panel shows sea surface temperature (a) before (September29,2014) and(b) after 
(October 15,2014)cyclone Hudhud,and (c) is the difference. The bottom panel displays chlorophyll 
concentrations (e) before (September29,2014) and (f) after (October 20,2014)cyclone Hudhud, and 
(g) is the difference. 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Fig. 9. Lightning data (deepblue) during Hudhud (www.wwlln.net) along with the wind speed (light 
blue line, knots) and pressure (orange line, millibars). 
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Table1. Changes in ocean physical parameters along the Hudhud cyclone track. 
  
 SST(�) 

Argo 
(satellite) 

SSS(psu) 
Argo 
(satellite) 

SST  
difference 

SSS 
difference 

TCHP D26
(m) 

D20 
(m) 

MLD 
(m) 

BLT 
(m) 

Before cyclone  29.5 (30) 33(32.8) 0.5 0.2 60 62 120 40 25
During cyclone 27.5 (27.9) 33.2(32.5) 0.4 0.7 20 43 88 20 0 
After cyclone 29.3 (29.6) 31.83(31.3) 0.3 0.53 62 60 104 30 20 
Difference 
(before-during  
cyclone) 

~2(2.1) 
 

1   40 19 32 20 25 

 
 
 
Table 2. Changes in ocean biological parameters along the Hudhud cyclone track. 
 

 
 

  Surface Chlorophyll 
(mg/m3) 
Argo (satellite) 

Subsurface Chlorophyll 
(mg/m3) 

Dissolved Oxygen 
(μmole/kg) 

Before cyclone  0(0.1)  0.2 170 
After cyclone 3(0.5) 4.5 200 


