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Abstract 

Physical and biogeochemical observations from an autonomous profiling Argo float 

in the Bay of Bengal show significant changes in upper ocean structure during the passage of 

Tropical Cyclone (TC) Hudhud (7–14 October 2014). TC Hudhud mixed water from a depth 

of about 50 m into the surface layers through a combination of upwelling and turbulent 

mixing. Mixing was extended into the depth of nutricline, the oxycline and the subsurface-

chlorophyll-maximum; thus had a strong impact on the biogeochemistry of the upper ocean. 

Before the storm, the near-surface layer was nutrient depleted and was thus oligotrophic with 

the chlorophyll-a concentration of less than 0.15 mg m
-3

. Storm mixing initially increased the 

chlorophyll by 1.4 mg m
-3

, increased the surface nitrate concentration to about 6.6 µM kg
-1

, 

and decreased the sub-surface dissolved oxygen (30–35 m) to 31 % of saturation (140 µM). 

These conditions were favorable for phytoplankton growth resulting in an estimated increase 

in primary productivity averaging 1.5 g C m
-2 

day
-1

 over 15 days. During this bloom, 

chlorophyll-a increased by 3.6 mg m
-3

, and dissolved oxygen increased from 111 % to 123 % 

of saturation. Similar observations during TC Vardah (6–12 December 2016) showed much 

less mixing. Our analysis suggests that relatively small (high) translation speed and presence 

of cold (warm) core eddy leads to strong (weak) oceanic response during TC Hudhud (TC 

Vardah). Thus, although cyclones can cause strong biogeochemical responses in the Bay of 

Bengal, the strength of response depends on the properties of the storm and the prevailing 

upper ocean structure such as presence of mesoscale eddies. 
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1. Introduction 

The Bay of Bengal (BoB) is an active region for the formation of Tropical Cyclones 

(TCs), one of the most devastating natural disasters in the world. Annually, on an average 3–

4 TCs (about 5 % of the global TCs) forms in the BoB [Alam et al. 2003]. TC’s occurs more 

frequently during October–December (primary TC peak season) and May–June (secondary 

TC peak season) in the BoB. The presence of favourable oceanic and atmospheric conditions 

leads to the TC development and intensification during these periods [Li et al., 2013; 

Girishkumar et al., 2015].  

The BoB receives large amounts of freshwater from river discharge and seasonal 

monsoon rainfall [Varkey et al., 1996, Prasad, 1997; Rao and Sivakumar, 2003]. The copious 

freshwater flux into the BoB makes the waters in the near-surface layer less saline compared 

to subsurface layers, leading to persistent occurrence of strong halocline in the near-surface 

layer throughout the year [Shetye et al., 1996; Thadathil et al., 2007; Girishkumar et al., 

2011; Girishkumar et al., 2013a; Mahadevan et al., 2016]. The main consequence of 

presence of salt stratification in the near surface layer in the BoB leads to the formation of 

barrier layer; the layer between base of the mixed layer (MLD) and the isothermal layer 

(ILD) [Lukas and Lindstrom, 1991; Vinayachandran et al., 2002; Rao and Sivakumar, 2003; 

Thadathil et al., 2007; Girishkumar et al., 2011; Girishkumar et al., 2013a; Thangaprakash 

et al., 2016; Thadathil et al., 2016]. As reported in earlier studies, both barrier layer and near-

surface salt stratification can play a significant role in the seasonal evolution of 

phytoplankton variability in the BoB [Gomes et al., 2000; Kumar et al., 2002; Narvekar and 

Kumar, 2006; 2014; Lévy et al., 2007; Gomes et al., 2016]. The strong haline stratification 

inhibits upward flux of nutrient-rich subsurface water into the euphotic zone, which leads to 

significantly low biological productivity in the BoB, as compared with the Arabian Sea 

[Gomes et al., 2000; Kumar et al., 2002; Narvekar and Kumar, 2014]. Another important 
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factor affecting the biological productivity during the summer monsoon (June–September) in 

the BoB is the presence of monsoonal-cloud cover which hinders the incoming shortwave 

radiation [Gomes, 2000; Madhupratap et al., 2003; Madhu et al., 2006; Gomes et al., 2016]. 

Subsequently, large quantities of suspended sediments transported by the rivers draining into 

the BoB may significantly reduce downward penetration of solar radiation in the water 

column [Gomes, 2000; Madhupratap et al., 2003; Madhu et al., 2006; Gomes et al., 2016]. 

However, recent observational and modelling studies show that during favorable conditions, 

there is considerable enhancement of chlorophyll in the near-surface layer at certain regions 

in the BoB on the seasonal scale [Vinayachandran and Mathew, 2003; Vinayachadran et al., 

2004; Kumar et al., 2004; Vinayachandran et al., 2005; Narvekar and Kumar, 2006; 

Murtugudde et al., 1999; Vinayachandran, 2009; Girishkumar et al., 2012;  Currie et al., 

2013; Lim et al., 2013; Kumar et al., 2004; Gomes et al., 2016]. Also, there are notable 

efforts to document the interannual variability of the chlorophyll in the BoB [Murtugudde et 

al., 1999; Vinayachandran and Mathew, 2003; Girishkumar et al., 2012; Martin and Shaji, 

2015; Gomes et al., 2016 and references therein]. These studies show that different physical 

processes (such as, open ocean upwelling, eddies, westward-propagating-upwelling Rossby 

waves, and vertical mixing due to wind events) erodes the near-surface stratification, which 

can lead to the enhancement of chlorophyll in the near-surface layer through the upward flux 

of nutrient-rich subsurface water into the euphotic zone. Enhancement of chlorophyll in the 

BoB in response to TCs has also been documented in various studies [Vinayachandran and 

Mathew, 2003; Rao et al., 2006; Smitha et al., 2006; Reddy et al., 2008; Tummala et al., 

2009; Maneesha et al., 2011; Chen et al., 2013]. 

Most of these earlier studies are based on satellite measurements of ocean colour, 

which provides the spatio-temporal evolution of chlorophyll over large oceanic areas. 

However, ocean colour satellites (primarily visible and infra-red band) are incapable to 
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observe through clouds and below the ocean surface. Hence, the satellite measurements of 

chlorophyll during the period of intense TC activities are severely hampered by cloud cover, 

resulting in the scarcity of observations and understanding during the period of a TC. Ship-

based in situ observations can provide high-quality information on the subsurface 

biogeochemical variables, but are not feasible during violent wind and high wave conditions 

associated with a TC.  The importance of the TC forcing on the upper ocean biogeochemical 

processes is well recognised and linked to the state of the total marine ecosystem [Naik et al., 

2008; Hung et al., 2010; Chung et al., 2012; Fiedler et al., 2013; Yu et al., 2013; Paul et al., 

2013; Chang et al., 2014]. Hence, a better understanding of the upper ocean biogeochemical 

response to TC is worth investigating and crucial to the well-being of the economy and 

fisheries of the region. However, owing to the dearth of systematic and high-quality in situ 

measurements of biogeochemical variables during the cyclonic period, studies quantifying 

oceanic biogeochemical response to TCs through in situ observations are very limited in the 

BoB. Autonomous profiling floats, such as Biogeochemical Argo (BGC-Argo) floats, 

equipped with biogeochemical and Conductivity-Temperature-Depth (CTD) sensors are 

capable of collecting good quality in situ subsurface measurements on different temporal 

scales, particularly during extreme weather conditions such as TC. Hence, biogeochemical 

and physical data (both surface and subsurface) from these profiling floats provides an 

unmatched and distinctive advantage to enhance our understanding on the impact of TC’s on 

biogeochemical variability [Ravichandran et al., 2012; Chacko et al., 2017].  

A BGC-Argo float (WMO ID 2902114; hereafter C-Float (Chlorophyll-Float)) made 

observations very close to the TC Hudhud track during 7–14 October 2014 and TC Vardah 

track during 6–12 December, 2016 in the central BoB (Figure 1; C-Float locations are 

mapped as dark-purple (when near to TC) and dark-green colour triangles (entire TC period) 

during TC Hudhud and TC Vardah in Figure 1b and Figure 1d respectively). The TC Hudhud 
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and TC Vardah life cycles are summarized in the supporting information (S1). The C-Float 

was equipped with: a Seabird (SBE-41CP) CTD sensor, a Wetlabs AP2 optical backscatter 

sensor (at a centroid angle of 142
°
 at 700 nm), a chlorophyll fluorescence sensor (excitation 

wavelength of 470 nm and emission wavelength of 695 nm), and an Aanderaa Optode 4330 

sensor to measure dissolved oxygen.  

The proximity of the C-Float to the tracks of TC Hudhud (13.59 
°
N and 88.88 

°
E; ~25 

km) and TC Vardah (13.97°N and 86.41 °E; ~85 km) provided an unprecedented opportunity 

to understand the observed variability of upper ocean biogeochemical response to a TC in the 

BoB. Recently, Chacko [2017] have examined only the chlorophyll response to the TC 

Hudhud using the same BGC-Argo float in the BoB. However, in the present study, we 

extend the analysis independently to include all the biogeochemical variables measured by 

the C-Float. To make our analysis more robust, we have also adopted and developed 

improved quality control procedures by utilizing ship-based in situ data. These procedures 

and checks were in addition to the standard BGC-ARGO quality control methods. Moreover, 

availability of in situ observations from the same float during two different TC events also 

provides a unique opportunity to examine plausible reasons for the differential oceanic 

response for different TC’s. We restrict our analysis to the period between 15 September 

2014 to 15 November 2014 for TC Hudhud and 15 November 2016 to 15 January 2017 for 

TC Vardah.   

Further, the availability of subsurface oxygen data from the C-float ensures that the 

responses of dissolved oxygen concentrations to the TC were also documented. One of the 

important characteristics of the BoB is the existence of Oxygen Minimum Zone (OMZ; < 5 

µM) in the intermediate depths (100 m – 1000 m), which  is weaker than the Arabian Sea 

OMZ [Wyrtki et al., 1971; Deuser et al., 1975; Sharma et al., 2013; McCreary et al., 2013]. 
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Moreover, no previous studies have documented the impact of TC forcing on the dissolved 

oxygen concentration in the near-surface layer of the BoB.  

The rest of the paper is organized as follows. Section 2 describes datasets used for the 

study and methodologies followed. Section 3 describes observed upper ocean variability due 

to TC Hudhud and TC Vardah forcing and plausible causative factors that modulate the 

variability. Specifically, following points were addressed in detail:  

1. To document the role of TC induced mixing and upwelling along with 

biogeochemical processes on the observed variability of sub-surface chlorophyll maxima and 

near surface chlorophyll. 

2. To quantify the nutrients enrichment at the near surface layer in response to TC and 

how the average new production estimated from nitrate flux agrees with the estimation from 

chlorophyll.  

3. To document the role of TC induced mixing and upwelling along with 

biogeochemical processes on the observed variability of near-surface dissolved oxygen.  

In Section 4, a detailed investigation of the role of TC characteristics (such as translation 

speed and intensity) and pre-existing mesoscale eddy conditions on the observed differential 

oceanic responses during the TC Hudhud and the TC Vardah are presented. Results are 

summarized in Section 5.  

 

2. Data and Methods 

Apart from BGC-Argo float data, we have also used various types of in situ and satellite 

data in this study. Daily merged satellite product of chlorophyll-a concentration data based on 

Moderate Resolution Imaging Spectroradiometer (MODIS)-AQUA and Visible and Infrared 
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Imager / Radiometer Suite (VIIRS) with the spatial resolution of 4 km obtained from 

GlobColour were used to characterize the surface bloom in this study [Maritorena et al., 

2010; Fanton-d'Andon et. al., 2009]. Daily averaged Outgoing Long wave radiation (OLR) 

data from Advanced Very High Resolution Radiometer (AVHRR) on board KALPANA–I 

satellite with the spatial resolution of 0.25
°
 is used as a proxy for the atmospheric convection 

[Mahakur et al., 2013]. The Advanced Scatterometer (ASCAT) ocean surface wind data 

obtained from Asia Pacific data research Centre [Bentamy and Fillon, 2012] with a spatial 

resolution of 0.25° and TropFlux radiative and turbulent heat flux data [Praveen Kumar et 

al., 2011] are utilized to assess the impact of net surface heat flux on the observed variability 

of mixed layer depth. Advanced Microwave Scanning Radiometer for EOS (AMSR-E), 

AMSR-2, Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) and 

WindSAT Microwave Optimum Interpolation Sea Surface Temperature product (MW-

OISST) with 0.25
° 

(~25 km) grid spacing [Gentemann et al., 2003] are used to understand 

spatio-temporal evolution of SST. Merged-gridded Sea level anomaly (SLA) from different 

altimeter measurements (Jason-3; Sentinel-3A, OSTM/Jason-2 interleaved; SARAL-

DP/AltiKa; Cryosat-2) at delayed time from Copernicus Marine Environment Monitoring 

Services (CMEMS) are used to characterize the signature of mesoscale features in the BoB. 

Three hourly best TC tracks of both TC Hudhud and TC Vardah were obtained from 

Regional Specialised Meteorological Centre (RSMC), India Meteorological Department 

(IMD), India (http://www.imd.gov.in/section/nhac/dynamic/bestrack.htm) to examine the life 

cycle of TC. 

The C-Float acquires data at pre-determined depths once in every 5 days during ascent 

and surfaced at 1700 hours IST local time (~11:30 AM in Coordinated Universal Time 

(UTC)). We have utilised the upper 120 m of water column data: measured at an interval of 5 

dbars between 200–10 dbars of depth and an interval of 1 dbars from 10 dbars of depth to the 
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surface. Since, the profiles were not uniform in vertical; they were linearly interpolated from 

the surface (1 m) to 120 m depth with a regular interval of 1 m. The gaps in C-Float data (on 

10 October 2014 and 8 December 2016) were filled with linear interpolation to facilitate the 

analysis. The accuracies of pressure, temperature, salinity, chlorophyll-a, optical 

backscattering and dissolved oxygen sensors from C-Float are 2.4 dbars, 0.002
°
C, 0.005 psu, 

0.015 mg m
-3

, 0.0015 m
-1

, and < 8 µM respectively. The temperature and salinity data are 

quality controlled by following Wong et al. [2015] and Udaya Bhaskar et al. [2012].  

Though dissolved oxygen and chlorophyll measurements from the C-Float can produce 

highly stable data over longer duration, large biases were also been reported in the 

measurements made by the profiling floats. Hence, it is important to validate and correct any 

offsets in float measurements using independent in situ observations (water sample data). A 

detailed description of correction and validation of dissolved oxygen and chlorophyll 

measurements from the C-Float is given in the supporting information (S2) and (S3) 

respectively.  

The C-Float used in this study does not possess any nitrate sensor. Hence, a BGC-Argo 

float (WMOID 5903712; hereafter N-Float (Nitrate-Float)) deployed by Monterey Bay 

Aquarium Research Institute (MBARI), USA, with 7-day temporal resolution with a nitrate 

sensor during September-December 2014 was identified. This N-Float was approximately 1° 

(~ 110 km) away from the C-Float location during TC Hudhud (the N-Float location is 

marked as a solid dark purple star in Figure 1). Although, the N-Float did not come under the 

direct influence of TC Hudhud, it provided a unique opportunity to understand the broad 

characteristics of the vertical structure of nitrate during this study period.   

To estimate primary productivity (PP) integrated over the euphotic zone (zeu), a well-

known PP model of Behrenfeld and Falkowski [1997a] named as standard Vertically 
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Generalized Production Model (STD-VGPM) is used in this study. The STD-VGPM 

estimates vertical integrated PP over the Zeu ( Sat

zeuPP ) from the surface chlorophyll 

concentration, available light, and photosynthetic efficiency. Although, the STD-VGPM 

works well for estimating large scale spatial and temporal variability, a limitation of the STD-

VGPM is its ignorance of the processes occurring over the water column. Since, the STD-

VGPM was developed solely using surface data (mainly satellite), there were no accounting 

of the subsurface chlorophyll and temperature distribution. Hence, to address this issue, we 

modify the STD-VGPM to utilize vertical profiles of chlorophyll-a and temperature from 

BGC-Argo float to derive primary productivity profiles over the water column and defined it 

as PVGPMSTD

zPP  . The integration of PP profile from surface to Zeu provides values of 

vertically integrated PP from STD-VGPM-P (
PVGPMSTD

zeu
PP 

).  Supporting information (S4) 

gives a detailed description for the estimation of integrated PP upto the Zeu based on primary 

productivity profiles obtained from STD-VGPM 

The Ekman pumping velocity (positive for upwelling and negative for downwelling rate), 

at the base of the Ekman layer is estimated using the expression of Fischer, [1997] and 

Girishkumar et al. [2013b]. Mixed layer depth (MLD) is defined as the depth at which the σt 

(sigma-t) exceeds that at the surface with the increase in σt caused by a 1
°
C change in 

temperature [Kara et al., 2000; Girishkumar et al., 2012; Thangaprakash et al. 2016] and the 

isothermal layer depth (ILD) is defined as the depth where the temperature is 1
°
C lower than 

SST. 
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3. Results  

3.1 The response of upper ocean temperature and salinity to TC Hudhud and TC 

Vardah 

Temporal evolutions of physical and biogeochemical observations during the period 

of TC Hudhud and TC Vardah obtained from the C-Float are shown in Figure 2. Figure 3 

shows temporal evolutions of SST, wind speed, OLR, Ekman pumping velocity and net 

surface heat flux averaged over a small domain encompassing C-Float locations (13.25
°
N–

14
°
N and 88.45

°
E–89.25

°
E for TC Hudhud and 13.55

°
N–14.3

°
N and 86.2

°
E–87

°
E for TC 

Vardah; marked as brown box in Figure 4f and 4h respectively). Spatio-temporal evolutions 

of eight day averages of satellite measured SST and satellite chlorophyll before, during and 

after the period of TC Hudhud and TC Vardah are also presented in Figure 4. 

Before the passage of TCs, temperature and salinity profiles obtained from C-Float 

showed typical hydrographic features during October–December in the BoB: warm and low 

salinity water in the near-surface layer, and cold and high salinity water in the subsurface 

layer [Rao and Sivakumar, 2000; Rao and Sivakumar, 2003; Girishkumar et al., 2012; 

Thangaprakash et al., 2016] (Figure 2a and 2b). Low wind speed and net surface heat flux 

into the ocean lead to warm (30°C) near-surface layer and a shallow ML (~10–30 m) during 

September–October 2014 and colder (29°C) and deeper ML (~40-70 m) during November 

2016–January 2017. These features are consistent with the climatological characteristics of 

the BoB during fall and winter seasons [Rao and Sivakumar, 2000; Thangaprakash et al., 

2016] [Figures 2, 3 and 4]. The barrier layer (the difference between ILD and MLD), is 

weaker throughout study period (Figure 2b). 

When TC Hudhud approached to the C-Float location, temperature showed a sudden 

decreasing tendency in the near-surface layers and this signature is clearly evident from 5 

mailto:89.2@ave
mailto:89.2@ave
mailto:89.2@ave
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October 2014 onwards (Figure 2a and 3a). Further, near-surface salinity measurements from 

C-Float showed mild increasing tendency (~0.2 – 0.4 PSU) (Figure 2b). On 5 October 2014, 

the surface temperature was 29.6°C and it reduced to 27.1°C by 10 October 2014: the period 

during which TC Hudhud was closest to the C-Float location. Though, C-Float measurements 

showed only 2.5°C cooling in response to TC Hudhud, the daily satellite SST measurements 

showed much greater cooling (~4.5°C) during the same period (Figure 3a). Sub-sampling the 

daily satellite SST data to the C-Float temporal resolution reduces the magnitude of cooling 

to 3.7°C (from ~4.5°C). It clearly indicates that the coarser temporal resolution of the C-Float 

might be the primary reason for the underestimation of observed cooling magnitude (Figure 

3a). Immediately after the passage of TC Hudhud, near surface temperature slowly recovered 

to the pre-cyclone period value (Figure 3a). However, the reduction in cooling is relatively 

much weaker during TC Vardah in comparison with TC Hudhud at the C-Float locations. 

During TC Vardah, C-Float (Satellite) measurements showed only 0.2°C (~1.5 °C) reduction 

in temperature. Moreover, the differences in temperature response between the TC Hudhud 

and TC Vardah are also evident from the spatio-temporal evolution of satellite SST: the 

cooling intensity was much larger along the track of TC Hudhud than TC Vardah (Figure 4). 

The SST started to recover from its cooling tendency immediately after the passage of TC 

Hudhud (27.1
o
C on 10 October, 2014) and reached close to the pre-Hudhud value of 29.3

o
C 

on 20 October 2014 after 10 days (on 5 October  2014, SST was 29.6°C) (Figure 2a and 

Figure 3a). Further, SST cooling associated with TC Vardah recovered within 5 days after the 

TC passage (Figure 3a). 

Earlier studies have shown that the vertical processes, such as upwelling and 

entrainment due to wind-induced vertical mixing and convective overturning due to the net 

surface heat flux loss from the ocean are responsible for 70–80 % of SST cooling along the 

track of TC as compared with the lesser contribution from horizontal advection and enthalpy 
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flux (~20-30 %) [Price 1981; Vincent et al., 2012a and 2012b; Girishkumar et al., 2014]. 

Consistent with these earlier results, net surface heat loss from the ocean and horizontal 

advection played a weaker role on the observed SST cooling at C-Float location during TC 

Hudhud and TC Vardah (Figure S6). (See supporting information (S5) for relative role of 

horizontal advection and net surface heat flux on the observed SST cooling during TC 

period).  

The analysis of temperature profiles on 05 October, 2014 (before TC Hudhud) and on 

10 October, 2014 (during TC Hudhud) from C-Float shows cooling and deepening of 

isothermal layer due to the relative contribution from upwelling and vertical mixing (Figure 

5). The temperature profiles in the upper 150 m of water column were cooled after the 

passage of TC Hudhud and this is the typical response to strong upwelling induced by the TC 

as documented in the earlier studies [Park et al., 2011; Sanford et al., 2011; Figure 12 b of 

Zang et al., 2016]. Moreover, the presence of subsurface cooling after the passage of TC 

Hudhud also indicates the predominant role of upwelling rather than vertical mixing [Zang et 

al., 2016]: strong upwelling tendency was observed on 9 October, 2014 (~10 m day
-1

) at the 

C-Float location from the satellite data (Figure 3c).  Earlier studies have shown the presence 

of strong near-inertial oscillations of upwelling and downwelling after the passage of TCs 

(Price, 1981; Wang et al., 2012; Park et al., 2011; Sanford et al., 2011; Zang et al., 2016). 

The near-inertial oscillation of upwelling can facilitate entrainment of cold thermocline water 

to the surface mixed layer [Sanford et al., 2011; Girishkumar et al., 2014; Zang et al., 2016]. 

At 14°N (near to the C-Float location in the BoB), the theoretical inertial period is around 50 

hours (~2 days). Hence, it is not possible to document the contribution of near-inertial 

oscillation on the observed responses using the C-float observations which having a temporal 

resolution of 5 days. Before TC Hudhud, near surface temperature structure shows nearly 

uniform temperature (29.6 °C) up to the depth of 25 m and the position of 27 °C isotherm 
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was at the depth around 50 m. When TC was nearest to the C-Float location, isothermal layer 

got deepened and near surface temperature drops to 27°C in response to the strong TC 

induced-upwelling and vertical mixing. As suggested by Sengupta et al. [2008], we assume 

that TC induced vertical mixing penetrates vertically upto the intersection of pre and post-

storm sigma-t profiles below the isothermal layer. The sigma-t and temperature profile before 

and after the TC Hudhud intersects around 50 m (Figure 5a and 5b). Hence, we can assume 

that the vertical extent of the mixing was up to the upper 50 m of the water column (Figure 5a 

and 5b).  

Similarly, before the approach of TC Vardah, near surface temperature structure from 

C-Float shows nearly uniform temperature (28.9 °C on 3 December 2016) up to the depth of 

45–50 m. As the TC Vardah crosses closest to the C-Float locations, near surface temperature 

drops to 28.7
o
C and isothermal layer got deepened to 60 m. Moreover, the sigma-t profiles 

before and after the TC Vardah intersect at depth of 60 m. Hence, we can assume that the 

vertical extent of the TC Vardah mixing was up to the upper 60 m of the water column 

(Figure 5c and 5d). 

 

3.2. Enhancement of nitrate at the near surface layer in response to TC Hudhud and TC 

Vardah 

The nitrate profile from the profiling float during October–December 2014 shows 

oligotrophic conditions in the near surface layer with the nutricline (defined as 2.5 µM ) 

situated around 40–60 m depth (Figure 6). Moreover, strong temporal correspondence 

between ILD and upper part of nutricline were also been observed [Figure 6]. Following the 

method proposed by Son et al. [2007], we made a simple estimation of the upward flux of 

nitrate in response to the TC forcing. Since, nutricline depth and ILD shows strong temporal 
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correspondence, we utilized nitrate profiles from N-Float having close resemblance with pre-

TC temperature profiles from the C-Float (Supplementary section S7 gives a detailed 

description of selection of vertical profiles of nitrate to estimate vertical flux of nitrate). Our 

analysis suggests that there is an approximate increase of 6.6 µM (2.3 µM) in the nitrate 

concentration in the upper layer in response to TC Hudhud (TC Vardah). We assumed that 

the integrated nitrate concentration from the surface to the 50 m (60 m) water depth is equally 

distributed in the vertical during TC Hudhud (TC Vardah). The estimation of nitrate 

concentration enhancement in the near surface layer in response to TC Hudhud is consistent 

with the result of Naik et al. [2008]. From the ship based in situ observations, Naik et al. 

[2008] have reported an enhancement of 5 µM in the nitrate concentration in the near surface 

layer after the passage of a TC in the Arabian Sea. Similarly, Jayalakshmi et al. [2013] have 

also reported the increase of 3.8 µM in nitrate concentration at a cyclonic eddy region in the 

south western BoB during northern winter.  

 It is worth noting that the values of the wind and net surface heat flux reverted back 

to their pre-TC period values immediately after the passage of TC Hudhud and TC Vardah at 

the C-Float location (Figure 3b, and 3d). This suggests that upward flux of nutrients into the 

near-surface layer might have stopped within this time. Hence, we can safely assume that the 

enhancement of nitrate concentration in the near-surface layer happened only during the 

period when TC was close to the float location. 

3.3. The upper ocean chlorophyll and optical backscatter response to TC Hudhud and 

TC Vardah 

Temporal evolution of depth-time section of chlorophyll-a data obtained from the C-

Float showed a persistent occurrence of subsurface chlorophyll maxima (0.8–1.2 mg m
-3

) at 

around 30–80 m depth throughout the study period except  few days after passage of TC 

Hudhud and TC Vardah (Figure 2c). The persistent occurrence of subsurface chlorophyll 
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maxima observed during the study period is the net result of optimum availability of both the 

light and the nutrients at that particular depth [Brock et al., 1993; Huisman et al., 2005; Naik 

et al., 2008; Ravichandran et al., 2012]. The growth of phytoplankton primarily depends on 

light and nutrients: light decreases exponentially and nutrients increase as depth increases. 

Consistent with oligotrophic characteristics observed in the vertical distribution of nitrate 

profile (Figure 6), chlorophyll concentration in the near-surface layer (upper 40–60 m) was 

also very small (0.15 mg m
-3

) before TC period (Figure 2c). When TC Hudhud (TC Vardah) 

approached to the C-Float location, chlorophyll concentration during 5 October 2014 (3 

December 2016) in the near surface layer gradually increased from 0.15 (0.12) mg m
-3

 and 

reached to the maximum value of 3.6 mg m
-3 

(1.5 mg m
-3 

) during 20 October 2014 (18 

December 2016) (Figure 2c and Figure 3e; black line). Interestingly, strong increasing 

tendency of chlorophyll concentration in the near surface layer persisted up to 10 (15) days 

after the passage of TC Hudhud (TC Vardah) at the C-Float location in the BoB. Similar to 

the temperature response, observed chlorophyll enhancement in response to TC Hudhud were 

much higher (~2.5 times) than TC Vardah. 

It is interesting to note that, the temporal evolution of the chlorophyll response was in 

contrast with that of the SST response such that enhancement of the chlorophyll persisted 

even after 10 (15) days from the passage of TC Hudhud (TC Vardah), that is chlorophyll 

started to recover to its pre-cyclonic values much slower than SST (Figure 2 and 3). 

The enhancement of chlorophyll concentration and its persistence was clearly 

apparent from the 7-days averages of chlorophyll along the TC track after the life cycle of TC 

Hudhud (8–14 October, 2014 and TC Vardah (8–14 December, 2016) (Figure 4e and 4g). 

However, the cold wake generated along the track disappeared almost immediately after the 

life cycle of TC and this is clearly evident in the 7-days average (15–21 October, 2014 and 

15–21 December, 2016) of MW-OISST (Figure 4j and 4l).  
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Plausible factors that modulated the enhancement and persistence of chlorophyll, even 

after the passage of TC are examined. Enhancement of chlorophyll in the near-surface layer 

during TC is primarily caused by TC induced vertical mixing. Enhancement of chlorophyll 

depends upon the following two factors: new production of chlorophyll as a result of 

increased nutrient supply from subsurface waters and the upward flux of chlorophyll from 

sub-surface chlorophyll-rich waters [Vinayachandran et al., 2005; Ravichandran et al., 

2012].  

However, increase in nitrate concentration does not lead to immediate rapid increase 

in chlorophyll concentration during the period of TC and it is clearly evident from the depth 

integrated chlorophyll in the upper 400 m of water column (Figure 7a). The reason for the 

selection of 400 m depth is primarily due to the low chlorophyll concentration along with 

absence of any significant trend at this depth.  However, our conclusion is still valid 

irrespective of the actual depth level chosen (from 60 m to 400 m depth level) for the vertical 

integration of chlorophyll (Table-S5). The integrated chlorophyll in the upper 400 m shows 

an enhancement of 40 mg m
-2 

over 10 days during 5–15 October 2014. However, within next 

5 days (during 15–20 October, 2014) depth integrated chlorophyll concentration increased to 

70 mg m
-2

, which is approximately 1.75 times higher than enhancement with respect to 

previous 10 days (Figure 7a; Table-S5). From 20–25 October 2014, integrated chlorophyll 

shows sudden drop in the upper 400 m of the water column and returns to its pre-TC (before 

TC Hudhud) conditions around 30 October 2014 (Figure 7a; Table-S5). Similarly, integrated 

chlorophyll in the upper 400 m of water column shows an enhancement of 16 mg m
-2

 during 

3–13 December 2016 and an increase of almost similar magnitude were observed in the 

subsequent two pentads (13–18 December 2016 and 18–23 December 2016) as a response to 

TC Vardah and returns to pre-Vardah period by 28 December 2016.  

In order to understand the relative contribution of the upward flux of chlorophyll rich 
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sub-surface water on the observed enhancement of chlorophyll in the near surface layer in 

response to TC, we made a rough estimation of the upward flux of chlorophyll by mixing. As 

discussed above, the upward fluxes of subsurface chlorophyll into the near-surface layer took 

place only during the period of strong wind induced vertical mixing and upwelling associated 

with TC Hudhud and TC Vardah. Integrated chlorophyll concentration between the layers 0–

400 m and 0–60 m during 5 October 2014 and 10 October 2014 shows an enhancement of 20 

mg m
-2

 and 26.5 mgm
-2 

respectively where a reduction of 6.5 mg m
-2 

chlorophyll 

concentration at the layer 60–400 m (the selection of 60 m depth is based on the signature of 

chlorophyll concentration in the upper 60 m of water column in response to TC) (Table- S6). 

It indicates that approximately 20-24 % increase in chlorophyll concentration at the near-

surface layer was contributed by the upward flux of sub-surface chlorophyll maxima into the 

near-surface layer in response to TC Hudhud. Similar estimation during TC Vardah indicates 

upward flux of sub-surface chlorophyll lead to approximately 22-30 % of surface bloom 

(Table-S6). Moreover, both the wind and the net surface heat flux reached their pre-cyclone 

conditions immediately after the TC period at the C-Float location (12 October 2014 for TC 

Hudhud and 10 December 2016 for TC Vardah) (Figure 3b and 3d). The vertical chlorophyll 

flux calculation will be sensitive to the exact choice of water column. However, estimation of 

vertical chlorophyll for a range of depths (100 to 400 m) indicates that the results do not 

change greatly, with a maximum contribution of 20–24 % during TC Hudhud and 22–30 % 

during TC Vardah (Table-S6). 

In addition to the enhancement of near surface chlorophyll through the upward flux of 

chlorophyll, there might be some contribution by the horizontal advection of chlorophyll into 

the study region. Both horizontal advection and upward flux of chlorophyll simply move the 

pigment across the gradient, hence, we cannot consider the chlorophyll enhancement as new 

primary production or carbon export associated with these processes. However, spatial 
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distribution of chlorophyll from satellite data does not show any evidence of chlorophyll 

enhancement, except along the track of TC. It clearly negates the role of horizontal advection 

on the observed enhancement of chlorophyll in response to both the TCs. 

It is interesting to note that, during the period of intense chlorophyll bloom at the 

near- surface layer, sub-surface chlorophyll maxima were absent (Figure 2c). This might be 

due to the presence of large cloud cover and reduction in the downward penetration of solar 

radiation in the water column due to large quantities of chlorophyll in the near surface layer. 

This is clearly evident from the euphotic depth evolution which shallows during the period of 

TC as compared to the pre-TC period (Figure 2c; pink line).  

We have also examined the particulate backscattering at 700 nm wavelength from the 

C-Float (Figure 2e and 3e), which provides indirect information about total particulate matter 

including chlorophyll-a. Recent studies show that there is an existence of strong relationship 

between phytoplankton biomass and particulate backscattering in the absence of suspended 

inorganic sediment at the near surface layer of the open ocean region Martinez-Vincente et al. 

[2014] and Graff et al. [2015].  Hence, the backscatter signal may also be considered as a 

proxy for phytoplankton biomass in the open ocean along with chlorophyll fluorescence. The 

location of C-Float used in this study is far away from any river mouth and hence the 

possibility of suspended inorganic sediments signal on optical backscatter measurements can 

be ignored. Our analysis shows strong temporal correspondence between chlorophyll 

fluorescence and particulate backscattering. This clearly shows that the C-Float observed 

chlorophyll fluorescence signals are not just physiological responses of the phytoplankton to 

the variations in light due to TC induced cloud cover. 
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3.4. The response of upper ocean primary productivity (PP) to TC Hudhud and TC 

Vardah  

We compared the estimated PVGPMSTD

zeu
PP  based on chlorophyll and temperature 

profile from C-Float (Figure 8a; green line) with: (i) PP derived from satellite (
Sat

zeuPP  ) using 

merged chlorophyll-a (mg m
-3

) and MW-OI SST (°C) (Figure 8a; red line), and (ii) PP 

derived from the C-Float (
Surf

zeuPP ) surface chlorophyll (mg m
-3

) and surface temperature (°C) 

(Figure 8a; black line). During the study period, the temporal evolution of the 
PVGPMSTD

zeu
PP 

shows reasonable good agreement with both 
Sat

zeuPP  and
Surf

zeuPP . However, the estimated peak 

magnitude of 
PVGPMSTD

zeu
PP 

 is lower than
Surf

zeuPP , after the TC forcing period (Figure 8). As 

suggested by Hemsley et al. [2015], this discrepancy in PP might be associated with the 

contribution from subsurface chlorophyll maxima, which could be resolved only by the C-

Float observations. In general, temporal evolution of the PP shows similar trend as the 

temporal evolution of chlorophyll in response to TC (Figure 2c, 8a and 8c). In the subsequent 

discussion, 
PVGPMSTD

zeu
PP 

(Figure 8a; green line) is referred as PP for simplicity. 

Before TC period, PP was estimated as 0.2 g C m
-2

 day
-1 

(Figure 8a; green line) and it 

got increased  to 1.9 g C m
-2

 day
-1

 (during 20 October 2014) in response to TC Hudhud 

forcing (Figure 8a; green line) which is consistent with temporal evolution of chlorophyll. By 

25 October 2014, there was a sharp decrease in PP and reached to pre-Hudhud-period values 

(0.2 g C m
-2

 day
-1

). This indicates that average new production in the euphotic depth during 

10–20 October 2014 is approximately 1.5 g C m
-2

 day
-1

. As discussed in the previous section, 

if we consider 24 % increase in the chlorophyll concentration in the near-surface layer which 

is contributed by the upward flux of sub-surface chlorophyll maxima into the near-surface 

layer, then new primary production is increased to 1.2 g C m
-2

 day
-1

 in response to TC 

Hudhud. Also, as discussed in the previous section, the enhanced nitrate (6.6 µM) 
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concentration due to TC Hudhud added to the upper 50 m of the water column was 

completely utilized within 15 days (5–20 October 2014). Then as per canonical Redfield 

Ratio, the average new production would be ∼1.7 g C m
−2

 day
−1

, which is in close agreement 

with estimated new production (1.2 g C m
-2

 day
-1

). 

In response to TC Vardah, PP started to increase from 0.2 g C m
−2

 day
−1 

on 3 

December 2016 and attained maximum value of 0.95 g C m
−2

 day
−1 

during 18 December 

2016. The high values of PP were maintained in the next two pentads and it started to 

decrease sharply by 28 December 2016. Hence, the average new production at the euphotic 

depth during 8–28 December 2016 before (after) removing the contribution of 24% of 

vertical flux of chlorophyll is approximately 0.75 g C m
-2

 day
-1

 (0.60 g C m
-2

 day
-1

). This 

estimation is in agreement with the average new production of 0.55 g C m
−2

 day
−1

, if 

complete utilization of 2.3 µM nitrate in the upper 60 m of water column within 20 days (3-

23 December 2016) is assumed.  

 

3.5. The response of upper ocean dissolved oxygen to the TCs Hudhud and Vardah. 

During pre- and post-TC period, temporal evolution of the vertical profiles of 

dissolved oxygen concentration showed peak values (> 210 µM) in the upper 30 m of the 

water column. The   OMZ (< 22 µM) was observed below 80 m depth (Figure 2d). Moreover, 

the strong vertical gradient in dissolved oxygen concentration (defined as oxycline) was 

observed around 50–80 m depth and it shows strong temporal correspondence with the 

thermocline (Figure 2). In response to TC Hudhud, the dissolved oxygen concentration at 30–

35 m depth decreased from 200 µM to as low as 140 µM (31 % saturation) on 15 October 

2014 (Figure 2d and 7c). The intrusion of subsurface water with low concentration of oxygen 

due to the strong wind induced vertical mixing and upwelling associated with TC must be the 

most plausible explanation for the reduction in the near surface layer oxygen concentration. 
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The strong temporal correspondence between outcropping of 27°C isotherm and 175 µM 

dissolved oxygen contour (Figure 2d; purple line) provides clear evidence of the intrusion of 

subsurface water with low concentration of oxygen into near surface layer. 

The enhancement of oxygen in the near surface layer was observed during 15–20 

October 2014, with maximum value (238 µM) during 20 October 2014, which is 

approximately 25 µM higher than pre-Hudhud period (Figure 2d and 7c). Please note that the 

enhancement of oxygen in the near surface layer lead to increase in oxygen super saturation 

condition from 111 % to 123 % (~12 % increase). 

Moreover, mild increasing tendency in dissolved oxygen concentration were also 

observed after the passage of TC Vardah on 23 December, 2016 in the near surface layer. 

Overall, consistent with temperature and chlorophyll responses, dissolved oxygen response 

were comparatively lower in magnitude during the TC Vardah as compared with the 

dissolved oxygen response during the TC Hudhud period. Similar enhancement of oxygen 

observation in response to increasing chlorophyll concentration due to a TC in the South 

China Sea was reported by Lin et al. [2014]. The entrainment of oxygen from the overlying 

air due to the strong winds can lead to the enhancement of dissolved oxygen in the near-

surface layer. However, observation shows weaker winds during the period of enhancement 

of oxygen in the near-surface layer after the passage of TC Hudhud and TC Vardah (Figure 

3b and 7c). Hence, the enhancement of oxygen in the near surface layer must be a 

consequence of enhancement of photosynthetically produced oxygen due to chlorophyll 

concentration enrichment in the near surface layer in response to the TC Hudhud. 
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4. Plausible causative mechanism of the differential oceanic response during TC 

Hudhud and TC Vardah at the C-Float location  

Both satellite wind speed and maximum sustained surface wind speed from the best 

track data shows relatively higher values when TC Vardah (17 m s
-1

) was close to the C-Float 

location as compared to the TC Hudhud (15 m s
-1

) period (Table-1): implying stronger 

forcing during TC Vardah as compared to TC Hudhud. However, the observed oceanic 

response to the TC Vardah is weaker when compared to TC Hudhud.  A plausible mechanism 

for observed differential response is the different translational speeds of the TCs Vardah and 

Hudhud. As reported earlier [Dare and Mcbride, 2011; Mei et al., 2012; Lin 2013], due to 

high translation speed, a TC can traverse without significantly disturbing the underlying 

ocean. The estimated translation speed (using IMD best track data) of TC Vardah was 

significantly higher (5 ms
-1

) than TC Hudhud (2 ms
-1

), when they are crossing over the C-

Float locations (Tabel-1). Hence, this translational speed difference plays a significant role 

for the weak oceanic responses during the TC.  

In addition to the difference in translation speeds, presence of cold core (cyclonic) 

eddy can also play a critical role in modulating the TC induced physical and biogeochemical 

oceanic responses. The presence of cyclonic eddy lifts thermocline and nutricline, thus 

turbulent mixing can lead to entrainment of cold and nutrient rich subsurface water to near 

surface layer effortlessly in comparison with in the case of no eddy/or warm core (anti-

cyclonic) eddy [Falkowski et al., 1991; Prasanna Kumar et al., 2004; Shang et al., 2008; 

Ravichandran et al., 2012; Wang et al., 2016]. The analysis of sea surface height (SSHA) 

data at the C-Float location during the study period indicates the presence of a pre-existing 

cold core eddy (negative SSHA) before the passage of TC Hudhud and a warm core eddy 

(positive SSHA) before the passage of TC Vardah [Figure 9]. Consistent with SSHA 

signature before the passage of TC’s, thermocline was deeper during TC Vardah as compared 
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to TC Hudhud (Figures 2 and 9). The evolution of temperature profile in response to TC 

Hudhud (TC Vardah) is a typical response of temperature profile in response to TC in the 

presence of cyclonic eddy (anticyclonic eddy) (cf. Figure 6 of Pan and Sun [2013]). 

Considering the close correspondence of nutricline and ILD, it is worth speculating that 

before the passage of TC, the nutricline during the TC Hudhud might be shallow than that 

during TC Vardah. During the TC Hudhud forcing, the presence of pre-existing shallow 

nutricline and thermocline may lead to much freer turbulent exchange of nutrient rich 

subsurface cold water to near surface layer and it may lead to higher SST cooling and 

chlorophyll enhancement in comparison with TC Vardah.  

Another influence of a cold core eddy is to trap near-inertial oscillations induced by 

TC in the ML [Jaimes et al., 2011]. This increases vertical shear and entrainment at the base 

of mixed layer, which in turn increases the upper ocean response to TC as it was observed in 

the case of TC Hudhud. In contrast, the presence of warm core eddy allows rapid vertical 

dispersion of near-inertial energy and it reduces the shear and mixing at the base of mixed 

layer and which in turn lead to less upper ocean response as observed in the TC Vardah 

[Jaimes et al., 2011]. 

It is worth noting that the present analysis does not quantify the relative contributions 

of translation speed and pre-existing eddy field on the observed differential oceanic response 

between TC Hudhud and TC Vardah. Numerical simulations can provide more insights on 

this topic.  

 

6. Summary  

 In situ observations of temperature, salinity, chlorophyll-a, optical backscatter and 

dissolved oxygen from a Biogeochemical-Argo float (C-Float) are used to understand the 
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complex biophysical interactions during two strong TC forcing events. Though wind speed 

magnitude was higher during the TC Vardah (17 m s
-1

) compared to the TC Hudhud (15 m s
-

1
), the oceanic response to the TC Vardah was much weaker compared to the TC Hudhud. 

The availability of good quality in situ observations from the same C-Float during these two 

TC events provides an opportunity not only to document the complex bio-physical oceanic 

responses but also to identify plausible reasons for the observed difference in the oceanic 

responses during these two TC events. 

Our analysis shows a significant reduction in sea surface temperature (SST) (~2.5 °C) 

along with the significant enhancement of nitrate (~ 6.6 µM) and chlorophyll concentrations 

(3.6 mg m
-3

) in the near surface layer of the water column in response to the TC Hudhud 

induced vertical mixing. However, during the TC Vardah period, SST was reduced by 0.2 °C 

only with a weaker enhancement of nitrate (2.3 µM) and chlorophyll (1.5 mg m
-3

) 

concentrations. During the TC Hudhud period, the integrated chlorophyll concentration in the 

upper 60 m of the water column increased approximately by 4.5 times (35 mg m
-2

 to 160 mg 

m
-2

) with respect to the pre-TC Hudhud with peak intensity occurring around 10 days after 

the passage of TC. However, during TC Vardah, the enhancement of chlorophyll in the upper 

60 m of the water column was only increased by 2 times (39 mg m
-2

 to 80 mg m
-2

) with 

respect to the pre-TC Vardah with maximum intensity around 15 days after the passage of 

TC. Though the peak intensity of enhanced chlorophyll occurred only after 10-15 days from 

the passage of TC, SST started to recover immediately after the passage of TC. Our analysis 

further showed that approximately 24-30 % increase in the chlorophyll concentration at the 

near surface layer was contributed by the upward flux of sub-surface chlorophyll maxima 

into the near surface layer during the initial period of enhancement of chlorophyll. Our 

analysis further suggests that, the enhancement of chlorophyll in the near surface layer leads 
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to the increase in integrated primary production in the euphotic zone from 0.2 g C m
-2

 day
-1 

to 

1.9 g C m
-2

 day
-1 

(0.95 g C m
-2

 day
-1

) in response to the TC Hudhud (TC Vardah).  

 Strong vertical mixing and upwelling associated with the TC Hudhud caused intrusion of 

lower dissolved oxygen subsurface waters into the near-surface layers, leading to strong 

decreasing tendencies in dissolved oxygen concentration between 30-35 m of water column. 

When the TC Hudhud was nearest to the C-Float, the dissolved oxygen concentration at the 

35 m depth decreased to as low as to 140 µM (31 % saturation) in comparison with the pre-

Hudhud dissolved oxygen concentration of  200 µM. Further, the enhancement of oxygen in 

the near-surface layer in the upper 20 m of water column were also observed approximately 

10 days after the passage of TC Hudhud. During this period, dissolved oxygen concentration 

increased to 238 µM, which is approximately 25 µM higher than the dissolved oxygen 

concentration before TC Hudhud period. This enhancement of oxygen in the near surface 

layer leads to increase in oxygen super saturation condition from 111 % to 123 % (~12 % 

increase). Our analysis suggests that the enhancement of oxygen in the near-surface layer is a 

consequence of enhancement of photo-synthetically produced oxygen due to increased 

chlorophyll concentration at the near-surface layer in response to the TC Hudhud. However, 

dissolved oxygen response is barely noticeable during the TC Vardah period.  

In summary, our analysis suggests that the relatively smaller (higher) translation speed 

and presence of a cold (warm) core eddy lead to stronger (weaker) oceanic responses at the 

C-Float location in response to the TC Hudhud (TC Vardah). Moreover, the present study 

emphasizes that to accurately simulate the biogeochemical responses to the TC forcing in 

coupled-biophysical ocean models is contingent upon the accurate representation of both the 

physical and dynamical state of the background oceanic structure and storm characteristics.  
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Table-1. Observations from daily ASCAT data and 3 hourly best track data when TC was 

nearest to the C-Float location. 

 

Parameters  TC Hudhud TC Vardah 

Satellite wind speed (m s
-1

) averaged over the 

box near to the C-Float  

15 17 

Maximum Sustained Surface Wind (kt) from 

best track data  

55 60 

24 hour average of maximum Sustained Surface 

Wind (kt) from best track data  

50 60 

Average translation speed (km/hr) of TC 12 

hour before and after TC 

11 18.5 
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Figure 1. ASCAT wind speed vectors (m s
-1

) and OLR (Wm
-2

) on 9 October, 2014 during 

TC Hudhud (panel a) and on 10 December, 2016 during TC Vardah (panel b) when TC’s 

were nearer to the C-Float profiling locations. The six hourly best track (black line) and 

intensity (open coloured circles corresponding to the dates and intensity) of TC Hudhud 

(panel a and c) and TC Vardah (panel b and d) obtained from Regional Specialised 

Meteorological Centre (RSMC), IMD, India 

(http://www.imd.gov.in/section/nhac/dynamic/bestrack.htm) are marked. The classification 

of tropical systems by IMD with respect to wind speed are classified as: Depression (D) 

(17–27 knot; kt), Deep Depression (DD) (28–33 kt), Cyclonic Storm (CS) (34–47 kt), 

Severe Cyclonic Storm (SCS) (48–63 kt), Very Severe Cyclonic Storm (VSCS) (64–89 kt), 

and Extremely Severe Cyclonic Storm (ESCS) (90-119 kt) and are marked as cyan, blue, 

green, orange, purple and red circles respectively along the track of TCs. The number 

adjacent to each circle indicates dates.Triangles in the right panels (c and d) indicates the 

C-Float (WMO ID 2902114) with chlorophyll sensor profiling locations during TC 

Hudhud (15 September, 2014 to 15 November, 2014; panel c; dark green triangle) and TC 

Vardah (15 November 2016 to 15 January 2017; panel d; dark green triangle). Dark purple 

triangle indicates C-Float profiling locations in close proximity during the period of TC 

Hudhud; 7-14 October 2014 (panel c) and TC Vardah; 6–12 December 2016 (panel d). The 

dark purple star in panel (c) indicates N-Float (WMO ID 5903712) with nitrate sensor 

profiling locations during September-December 2014.  
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Figure 2. Temporal evolution of depth-time section of (a) temperature (°C), (b) salinity, (c) 

Chlorophyll (mg m
-3

), (d) Dissolved Oxygen (µM) and (e) optical backscatter (1e-3 

m
-1

) from C-Float (WMO ID 2902114) during 15 September, 2014 to 15 November, 

2014 (left panels; TC Hudhud) and 15 November 2016 to 15 January 2017 (right 

panels; TC Vardah) in the south-western BoB. In panel (a), thick dashed line: depth 

of 23°C isotherm (m) and thin black line: depth of 27°C isotherm. In panel (b), thick 

black line: MLD (m), and thin black dash line: ILD (m).  In panel (c), thick pink line: 

euphotic depth, and thin black dash line: ILD (m). In panel (d), thin pink (green) line: 

depth of 175 (220) µM dissolved oxygen (m). Blue thick line in the bottom of the 

figure indicates TC Hudhud period (7–14 October, 2014; left panel) and TC Vardah 

(6-12 December, 2016). The blue inverted triangle on top of the panel (a) indicates 

the surfaced date of C-Float profiling measurements. 
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Figure 3. Temporal evolution of (a) C-Float 1 m temperature (black line, °C), MW-OI SST 

(green line, °C) and MW-OI SST sub-sampled to biogeochemical C-Float temporal 

resolution (5-day; similar to black line) (red line °C), (b) wind speed (black line, m s
-

1
) and OLR (red line; Wm

-2
), (c) Ekman pumping velocity (m day

-1
), (d) Net surface 

heat flux (W m
-2

) and (e) C-Float Chlorophyll (black line, mg m
-3

) and optical 

backscatter (green line; m
-1

) at 1 m and satellite merged daily chlorophyll (red line, 

mg m
-3

) during 15 September 2014 to 15 November 2014 (left panel; TC Hudhud) 

and 15 November 2016 to 15 January 2017 (right panel; TC Vardah). Except C-Float 

measurements all the parameter averaged over the box 13.25°N–14°N and 88.45°E–

89.25°E for TC Hudhud (marked as brown box in Figure 4f) and averaged over the 

box 13.55°E–14.3°E and 86.2°E–87.0°E for TC Vardah (marked as brown box in 

Figure 4h). Blue thick line in the bottom of the figure indicates TC Hudhud period 

(7–14 October, 2014; left panel) and TC Vardah period (6-12 December, 2016). 
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Figure 4. 7-day composites of MODIS chlorophyll-a (mg m
-3

; first and third column) and 

MW-OI SST (°C; second and fourth column) during TC Hudhud ((a and b) 1-7 

October, 2014 (e and f) 8-14 October, 2014 (i and j) 15-21 October, 2014 and (m and 

n) 22-28 October, 2014) and TC Vardah ((c and d) 1-7 December, 2016 (g and h) 8-

14 December, 2016 (k and l) 15-21 December, 2016 and (o and p) 22-28 December, 

2016) period. In the panels the pink line indicates TC tracks and black circle 

indicates TCs genesis location (TC Hudhud first and second column; TC Vardah- 

third and fourth column). In the panel (f) the brown box represents the area (13.25°N-

14°N and 88.45°E-89.25°E) for TC Hudhud and in the panel (h) brown box 

represents the area (13.55°E-14.3°E and 86.2°E-87.0°E) for TC Vardah when it is 

close to C-Float location. 

mailto:89.2@ave


 

 
© 2019 American Geophysical Union. All rights reserved. 

 

 

 

Figure 5. (a and b) Temperature (°C) and (c and d) sigma-t (Kg m
-3

) profiles from the C-

Float before (black), during (red) and after (green) the TC. (a and b) TC Hudhud and (c 

and d) TC Vardah. 
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Figure 6. Depth-time section of (a) nitrate (µM) and (b) vertical gradient of nitrate (µM m
-1

) 

from the N-Float (WMO ID 5903712; the location of N-Float is marked in figure 1c 

as purple star) during September-December, 2014. The pink and green line indicates 

depth of nutricline (defined as 2.5 µM) and ILD (m). 
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Figure 7. Temporal evolution of (a) depth integrated chlorophyll (mg m
-2

; 0–60 m red line; 0–

400 m black line; 61–400 m green line), (b) rate of change of depth (0–60 m) 

integrated chlorophyll (mg m
-2 

day
-1

) and (c) dissolved oxygen (µM) at 1m (black 

line), 10 m (red line), 30 m (green line) and 35 m (blue line). Blue thick line in the 

bottom of the figure indicates TC Hudhud period (7–14 October, 2014; left panel) 

and TC Vardah (6-12 December, 2016; right panel). 
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Figure 8. Temporal evolution of integrated primary productivity (PP) from the surface to 

euphotic depth (g C m
-2

 day
-1

): using satellite merged chlorophyll-a (mg m
-3

) and 

MW-OI SST (°C) ( Sat

zeuPP , redline); using surface chlorophyll-a (mg m
-3

) and surface 

temperature (°C) from the C-Float and ( Surf

zeuPP  black line); and using chlorophyll and 

temperature profiles from the C-Float (
PVGPMSTD

zeuPP 
; green line) during (a) TC 

Hudhud and (c) TC Vardah. Temporal evolution of PP profiles ( PVGPMSTD

zPP 

; g C 

m
-3

 day
-1

) estimated from the BGC-Argo chlorophyll and temperature profiles during 

(b) TC Hudhud and (d) TC Vardah. The green solid line in the panel b and d 

represents the euphotic depth. Blue thick line at the bottom of the figure indicates TC 

Hudhud period (7–14 October, 2014; left panel) and TC Vardah (6-12 December, 

2016) period. 
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Figure 9. 7-day composite of SSHA (cm) before and after the TCs (left panel-TC Hudhud and 

right panel-TC Vardah). In the panels the pink line indicates TC tracks and black 

circle indicates TCs genesis location. In the left panels the brown box represents the 

area (13.25°N-14°N and 88.45°E-89.25°E) for TC Hudhud and in the right panel 

brown box represents the area (13.55°E-14.3°E and 86.2°E-87.0°E) of C-Float 

profiled locations when it was close to TC Vardah. Dark purple star indicates 

locations of N-Float. 

 

 

mailto:89.2@ave

