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A B S T R A C T

This study examines how dissolved oxygen (DO) responds to tropical cyclones (TCs) "Wind Pump" in a pre-
existing cyclonic and an anticyclonic eddy over the Bay of Bengal (BoB) based on Argo and satellite data. Both
TCs induced DO temporal decreases in the subsurface waters (Deep Depression BOB 04 with a pre-existing
cyclonic eddy and cyclonic storm Roanu with a pre-existing anticyclonic eddy) owing mainly to the storm-
induced upwelling. The deeper oxycline caused by the pre-existing anticyclonic eddy relieved the storm-induced
shallow of oxycline during Roanu. On the contrary, the pre-existing cyclonic eddy shoaled the oxycline, in-
tensifying the storm-induced shallow of oxycline during BOB 04. Furthermore, the pre-existing cyclonic eddy
induced a long time of DO decrease after BOB 04. This study suggests that the subsurface DO concentrations in
the BoB are affected mainly by storm-induced physical processes, and the mesoscale eddies also play an im-
portant role.

1. Introduction

The Bay of Bengal (BoB) is one of the four well-known tropical
oxygen minimum zones (OMZs) (Paulmier et al., 2011). Low dissolved
oxygen (DO) restricts the maximum living depth of animals to the
oxygenated near-surface layer (Stramma et al., 2012). The occurrence
of OMZ in the BoB was investigated in the past (Madhu et al., 2006;
Sardessai et al., 2007; Sarma et al., 2013), which occurs at intermediate
depths (60–800m) in the BoB. The intense tropical cyclones (TCs), one
of extreme weather conditions that can generate the intense "Wind
Pump" effects (Ye et al., 2019), typically occur during the pre-monsoon
period (April–May) and the post-monsoon period (October–December)
(Girishkumar and Ravichandran, 2012; Neetu et al., 2012). The effect of
cyclones resulted in drastic changes to land and ocean in the BoB, such
as heavy rainfall, the cooling of sea surface temperature and phyto-
plankton bloom (Kundu et al., 2001; Chacko, 2017; Chauhan et al.,
2018).

Several previous studies reported TCs play a very important role in
affecting the temporal DO changes over the different oceans (Tomasko
et al., 2006; Mitra et al., 2011; Chen et al., 2012; Prakash et al., 2012;
Lin et al., 2014). Chen et al. (2012) reported that the observed DO

concentrations were at a high level for about 6–8 days after TC Muifa
due to the enhanced water exchange between upper and lower water
layers in the Changjiang Estuary. Based on analyses of Argo observa-
tions, Prakash et al. (2012) found that a TC transported the suboxic
waters to a much shallower layer and shoaled the oxycline in the OMZ
of the central Arabian Sea. Over coastal waters of the BoB, Mitra et al.
(2011) documented that the surface DO concentrations decreased in a
short time after TC due to the intrusion of saline waters. Only a few
studies, however, were made on the responses of DO concentrations to
TCs in the subsurface waters of the OMZ over the BoB.

Oceanic eddies are ubiquitous features in the ocean. In the northern
hemisphere, the rotation of these circular currents can either be cy-
clonic (anti-clockwise) or anti-cyclonic (clockwise). Eddy-induced
Ekman upwelling (downwelling) which enhances (dampens) nutrient
supply to boost (inhibit) biological production are well reported
(McGillicuddy Jr. et al., 2007; Gaube et al., 2013; Dufois et al.,
2014).TCs may increase in their intensities when crossing over antic-
yclonic eddies, while TCs weaken when encountering cyclonic eddies
(Ma et al., 2018). The responses of pre-existing ocean eddies to TCs
have been explored in several studies. Walker et al. (2005) found rapid
intensification of a cyclonic eddy with phytoplankton blooms 3–4 days
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after the passage of TC Ivan in the Gulf of Mexico. Chen and Tang
(2012) reported the formation of a phytoplankton bloom associated
with a cyclonic eddy after TC Linfa (2009) over the northern South
China Sea (SCS). Zheng et al. (2010) found the pre-existing cyclonic
eddies successively enhanced sea surface cooling in response to the
passage of TC Hai-Tang in the western North Pacific. Ma et al. (2017)
reported a cyclonic eddy tend to promote the sea surface temperature
decrease caused by TCs while an anticyclonic eddy tend to restrain such
ocean responses. These studies mainly focused on the influences of TCs
on the phytoplankton bloom and the surface water temperature
changes with a pre-existing mesoscale eddy. The effects of TCs with a
pre-existing cyclonic eddy or an anticyclonic eddy on the DO dis-
tributions in the subsurface waters of the OMZ over the BoB, however,
have not been fully explored.

Although TCs were found to have strong impacts on DO, knowledge
is sparse on how DO in the subsurface waters (20–200m) responds to a
TC when there was a pre-existing cyclonic and an anticyclonic eddy.
The main objective of this study, therefore, is to investigate the main
mechanisms of TCs' influence on the temporal and spatial variability of
DO in the subsurface waters with a pre-existing cyclonic and antic-
yclonic eddy over the OMZ of the BoB using Argo and satellite data. The
secondary objective of this study is to compare the influence of the pre-
existing cyclonic and anticyclonic eddy on the DO distributions under
the impact of TCs.

2. Data and methods

2.1. Argo Data

Observations from Argo floats were used in this study to investigate
temporal changes of DO in the subsurface layers of the BoB during Deep
Depression (DD) BOB 04 (2014) and cyclonic storm (CS) Roanu (2016).
In addition to DO, temperature, salinity and chlorophyll a measure-
ments from two Bio-Argo floats were also applied to examine the hy-
drographic responses in the subsurface waters to these two TCs. Two
Bio-Argo floats are 2902086 and 2902087 for DD BOB 04 and CS Roanu
respectively. These floats measured vertical profiles of DO and

hydrography from ~5 to 2000m (with different vertical resolutions)
with time intervals of 5 days. The Bio-Argo vertical profiles at depths
from ~5 to 200m were used in this study. These Argo floats were
equipped with DO sensors (Aanderaa Optode 4330). The claimed ac-
curacy of the factory calibration is ~5% or 8 μM for the optode. The
sensors were calibrated between 0% and 120% saturation (D'Asaro and
McNeil, 2013). The Bio-Argo data went through two levels of quality
control (QC). The first level of QC is the real-time system that performs
a set of automatic checks. The second level of QC is the delayed-mode
quality control system (Thierry et al., 2016). The hydrographic profiles
of Argo floats used in this study were extracted from the International
Argo Program (www.argodatamgt.org/). The Bio-Argos provided the
data of DO from 2013 in the BoB. There were 17 TCs passing through
the BoB for the period 2013–2017. And seven TCs of them swept areas
occupied by the Argo DO sensors in the central BoB. However, these
two Argos we chose in this study, not only located in the pre-existing
eddies but also provided a rare opportunity to simultaneously examine
the subsurface chlorophyll a and DO responses before and after TCs.

In this study, the isothermal layer depth (ILD) is defined as the
depth at which the potential temperature is 1 °C lower than the sea
surface temperature (SST) (shallowest level obtained from the Argo
profile) to be estimated from the Argo temperature profiles (Thadathil
et al., 2007). The mixed layer depth (MLD) is defined as the depth at
which the potential water density is higher by 0.125 kgm−3 than the
surface density to be estimated from the density profiles determined
from the Argo data (Levitus, 1983; Girishkumar et al., 2014 ). The
barrier layer (BL) is defined as the layer between the base of the mixed
layer and the top of the thermocline (Vinayachandran et al., 2002). The
oxycline depth is defined as a subsurface layer with the maximum
gradient of DO in the vertical direction. In this study we follow Prakash
et al. (2012) and use the depth of 50 μmol kg−1 as an indicator of the
oxycline depth for the BoB.

2.2. Tropical cyclones and satellite data

DD BOB 04 formed over the central and adjoining southeast BoB
during the period 5–8 November 2014. It initially moved northwards

Fig. 1. Map of the Bay of Bengal (BoB), storm tracks of two tropical cyclones (TCs) and positions of Argo floats. The storm tracks of TCs (Deep Depression BOB 4 and
Cyclonic Storm Roanu) and Argo positions are marked by black dashed lines and pink triangles respectively. The 6 h positions of TC centers are marked by colored
dots along the storm track, of which sizes and colors represent the TC intensity. D, DD and CS represent depression, deep depression and cyclonic storm according to
India Meteorological Department. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

H. Xu, et al. Marine Pollution Bulletin 146 (2019) 838–847

839

http://www.argodatamgt.org/


on 5 November 2014, took a loop on 6 November and turned westwards
on 7 November morning. During its westward movement, it started
weakening and became a well-marked low pressure area over the west
central BoB on 8 November morning. DD BOB 04 swept the area oc-
cupied by Argo float 2902086 on 5 November 2014. CS Roanu origi-
nated from a low pressure area over the south of Sri Lanka, which
gradually drifted north and intensified into a cyclonic storm on 19 May
2016. The system continued to skirt along the east coast of India while
moving northeastwards on 20 May. The CS gradually weakened into a
DD over Mizoram on 21 May and into a depression over Myanmar and
adjoining Manipur on 22 May (Fig. 1). CS Roanu swept the area oc-
cupied by Argo float 2902087 on 18 May 2016.

The storm track data of two TCs were obtained from the India
Meteorological Department (http://www.rsmcnewdelhi.imd.gov.in/).
The storm track data set consists of 6 hourly time series of locations of
the TC center and the maximum sustained wind speed (MSW) at 10m
above the mean sea level. The translational speeds of a TC were esti-
mated from time-varying positions of its storm center. Daily microwave
and infrared (MW_IR) optimally interpolated sea surface temperature
(SST) products with spatial resolution of 9 km were obtained from the
website for the Remote Sensing Systems (http://www.remss.com/).
Daily fields of geostrophic velocities at the sea surface derived from the
merged altimeter products and merged sea level anomaly (SLA) were
extracted from the Archiving Validation and Interpretation of Satellite
Oceanographic data at www.aviso.oceanobs.com. The center of the
cyclonic (anticyclonic) eddy was identified by searching for the local
SLA minimum (maximum).

The daily remote sensing fields of sea surface winds (at 10m above
the mean sea level) with a 0.25°× 0.25° resolution were obtained from
the Advanced Scatterometer (ASCAT) website at http://www.remss.
com/missions/ascat/. Wind stress curl (τ) and Ekman pumping velocity
(EPV) were calculated with daily satellite wind data as follows Price
(1981):

= × ×C ua d
2

10 (1)

=
f

EPV Curlz
w (2)

where ρw is the sea water density set to 1020.0 kgm−3 and f is the
Coriolis parameter. ρa is the density of air (1.25 kgm−3), Cd is the drag
coefficient (2.6× 10−3), and u10 is the wind speed 10m above the sea
level.

3. Results

3.1. In situ observations

Fig. 2 presents the vertical profiles of observed temperature, salinity
and DO in the top 200m of the water column made by Argo floats
before and after DD BOB 04 and CS Roanu. The observed temperature
recorded by Argo float 2902086 showed a significant decline in the top
200m at 3 days after DD BOB 04 (8 November 2014). The observed
salinity decreased with time in the top mixed layer up to 40m (the daily
rainfall over the area occupied by Argo float increased up to
200mmd−1 on 5 November), but increased with time in the subsurface
layer between 40 and 200m (Fig. 2a). The potential density increased
with time in the subsurface layer between 40 and 200m and showed no
obvious variability at the sea surface (Fig. 2b). It should be noted that
on 13 November the observed temperature made by Argo float
2902086 continued to decrease in the subsurface layers between 8 and
144m compared to that on 8 November. The observed salinity con-
tinuously increased with time in the subsurface layer between 36 and
92m on 13 November (Fig. 2a). The potential density increased with
time in the subsurface layer between 34 and 144m on 13 November.
For CS Roanu, the observed sea water temperature recorded by Argo

float 2902087 decreased with time in the top 200m at 3 days after TC
(21 May 2016). The observed sea water salinity increased with time in
the top 123m (Fig. 2c). The potential density of sea water increased
with time in the top 200m (Fig. 2d). The difference comparing to DD
BOB 04 is that the observed temperature and salinity restored to the
pre-storm level at 8 days after CS Roanu (26 May 2016). The vertical
profiles of observations shown in Fig. 2 indicate very strong upwelling
during DD BOB 04 and CS Roanu. Moreover, the changes observed by
the Argo float 2902086 suggest a continuous upwelling which brought
the deep subsurface waters of low temperature, high salinity and high
potential density to the shallow subsurface layer at 8 days after DD BOB
04 (13 November 2014).

The MLD was 35m before DD BOB 04 and slightly decreased to
34m after DD BOB 04 over the area occupied by Argo float 2902086 on
8 November 2014. The MLD for the upper water column was 25m
before CS Roanu and remained at 25m after CS Roanu on 21 May 2016.
The BL over the area occupied by the Argo float 2902086 and 2902087
were 19m and 14m before the passage of DD BOB 04 and CS Roanu
respectively (Table 1).

The observed DO concentrations dramatically decreased with time
in the subsurface layers between 7 and 91m (with the maximum de-
crease of 62.2 μmol kg−1 at ~62m) over the area occupied by Argo
float 2902086 at 3 days after DD BOB 04. The observed DO con-
centrations continuously decreased with time in the subsurface layer
between 29 and 73m at 8 days after DD BOB 04 on 13 November
(Fig. 2b). The DO concentrations didn't restore to the pre-storm level
until 23 November 2014 (not shown). The oxycline was ~67m before
DD BOB 04, and shoaled up to ~58m on 8 November after the passage
of DD BOB 04, and continuously shoaled up to ~46m on 13 November
2014 (Table 1). During CS Roanu, the DO concentrations decreased
with time significantly in the subsurface layer between 7 and 115m
(with the maximum decrease of 151.5 μmol kg−1 at 37m) from 16 to 21
May 2016 (Fig. 2d). The oxycline was ~112m before CS Roanu and
shoaled up to ~95m on 21 May after the passage of CS Roanu but
recovered to ~115m on 26 May 2016 (Table 1).

Fig. 3 presents vertical profiles of observed chlorophyll a in the top
200m of the water column made by Argo floats before, during and after
DD BOB 04 and CS Roanu. The concentration of subsurface chlorophyll
maximum (SCM) before DD BOB 04 was 1.3mgm−3, significantly de-
creased to 0.49mgm−3 at 3 days after DD BOB 04 and increased to
0.84mgm−3 at 8 days after DD BOB 04. The depth of subsurface
chlorophyll maximum (DCM) was ~62m before DD BOB 04, but
shoaled up to ~48m on 8 November after the passage of DD BOB 04,
and continuously shoaled up to ~38m on 13 November 2014. The
difference compared to DD BOB 04 is that the SCM before CS Roanu
was 0.39mgm−3, slightly increased to 0.45mgm−3 at 3 days after TC
and decreased to 0.26mgm−3 at 8 days after CS Roanu. The DCM was
~107m before Roanu and shoaled up to ~28m on 21 May after CS
Roanu, but it restored to ~113m on 26 May 2016.

3.2. DO dependence on temperature, salinity and chlorophyll a

The Temperature-DO, Salinity-DO and Chlorophyll a-DO diagrams
are used to examine the dependence of DO on the temperature, salinity
and chlorophyll a before and after the passages of DD BOB 04 and CS
Roanu (Fig. 4). Before and after the DD BOB 04 on 3 and 8 November
2014, DO was not strongly correlated with chlorophyll a concentration
(R2= 0.03), but was strongly correlated with temperature and salinity
respectively (Before: R2= 0.74, p < 0.05 and R2=0.98, p < 0.05;
After: R2= 0.73, p < 0.05 and R2=0.99, p < 0.05) (Figs. 4a–4c).
Before and after the CS Roanu on 16 and 21 May 2016, DO was not
strongly correlated with chlorophyll a concentration (R2=0.24 and
0.07), but was also strongly correlated with temperature and salinity
respectively (Before: R2= 0.67, p < 0.05 and R2=0.94, p < 0.05;
After: R2= 0.78, p < 0.05 and R2= 0.96, p < 0.05) (Figs. 4d–4f).
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3.3. Wind and EPV affected by TCs

DD BOB 04 swept the area occupied by Argo float on 5 November
2014 and the translational speed was 1.7m s−1. Based on the daily
wind image (Fig. 5a), the wind speed and EPV reached 13.6m s−1 and
0.9×10−4m s−1 over the area occupied by Argo float 2902086 re-
spectively on 5 November 2014 (Table 1). When CS Roanu swept the
area occupied by the Argo float, it intensified into a cyclonic storm with
a slow translational speed of 2.3m s−1. Over the area occupied by Argo
float 2902087, the daily wind image showed higher wind speed and
EPV (17.6m s−1 and 1.4×10−4m s−1) relative to DD BOB 04 (Fig. 5b
and Table 1). These two Argo floats both recorded the first post-storm
DO and hydrography of the water column about 3 days after DD BOB 04
(8 November 2014) and CS Roanu (21 May 2016).

3.4. Sea surface temperature, geostrophic circulation and eddy fields

The satellite remote sensing data of SST are shown in the Figs. 6a-6c

before and after the passage of DD BOB 04. The SST over the area oc-
cupied by Argo float 2902086 was relatively warm and slightly higher
than 29 °C before DD BOB 04 on 3 November (Fig. 6a). The SST reduced
to 28.5 °C over the most of the area occupied by a cyclonic eddy at
3 days after the passage of DD BOB 04 on 8 November. Eight days after
DD BOB 04, the SST slightly restored over the most of the area occupied
by a cyclonic eddy. The satellite remote sensing data of SLA are shown
in the Figs. 6d-6f before and after the passages of DD BOB 04. There was
a large-size cyclonic eddy over the area under the direct influence of DD
BOB 04 on 3 November 2014. It should be noted that, due to DD BOB
04, the cyclonic eddy was strengthened and enlarged its size and the
SLA of Argo float 2902086 decreased from −1 cm on the 3 November
to −6 cm on the 8 November and to −9 cm on the 13 November
(Figs. 6d–6f). Argo float 2902086 moved westward during and after the
passage of TC and its positions were located at the edge of the cyclonic
eddy (Figs. 6e-6f).

The satellite data shown in Fig. 7a indicate that the SST over the
area occupied by Argo float 2902087 was warm and slightly higher

Fig. 2. Vertical profiles of (a, c) temperature (T, °C) and salinity (S, psu), (b, d) Dissolved oxygen (DO, μmol kg−1) and potential density (D, kgm−3) in the upper
200m observed by 2902086 and 2902087 before and after the passage of DD BOB 04 and CS Roanu, respectively. Labels “11–3”, “11–8” and “11–13” stand for 3, 8
and 13 November 2014 respectively. Labels “5–16”, “5–21” and “5–26” stand for 16, 21 and 26 May 2016 respectively.

Table 1
Comparison of Deep Depression BOB 04 and Cyclonic Storm Roanu’ wind speed (the daily sea surface wind speed when TCs swept the area occupied by Argos) and
translational speed, Ekman pumping velocity (EPV), Barrier layer (BL), the variability of DO, the oxycline change and the subsurface chlorophyll maximum (DCM)
change in the OMZ of Bay of Bengal.

Name Time u10 (m s−1) Translational speed(m s−1) EPV
(10−4m s−1)

BL (m) DO change(m) The oxycline
depth change(m)

DCM(m)

BoB 04 05–08 NOV 2014 13.6 1.7 0.9 19 Decrease (~7–91) 67→58→46 62→48→38
Roanu 17–22 MAY 2016 17.6 2.3 1.4 14 Decrease (~7–115) 112→94→115 107→28→113
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than 31.5 °C before the passage of CS Roanu on 16 May 2016. On 21
May, the SST showed obvious cooling about −2.5 °C over the area
occupied by the Argo float. Eight days after CS Roanu, the SST restored
to 31 °C over the area occupied by Argo float. The satellite remote
sensing data of SLA are showed in the Figs. 7d–7f before and after the
passages of Roanu. There was a large-size anticyclonic eddy to the east
of the Argo float (Fig. 7d). Argo float 2902087 moved firstly north-
westward and then northeastward during and after the passage of CS
Roanu and it located at the edge of the anticyclonic eddy (Figs. 7e–7f).
The anticyclonic eddy was significantly weakened after the passage of
CS Roanu and the SLA of Argo float 2902087 decreased from 20 cm on
the 16 May to 14 cm on the 21 May (Figs. 7d–7f). It should be noted
that the strength of the anticyclonic eddy over the area occupied by
Argo float enhanced at 8 days after CS Roanu and the SLA at the Argo

float position was about 16 cm on 26 May. The storm significantly re-
duced the strength of the anticyclonic eddy.

4. Discussion

4.1. The oceanic conditions before DD BOB 04 and CS Roanu

Mesoscale eddies, between 10 and 500 km in diameter and persis-
tent for days to months, are common in the BoB. Cyclonic eddies are
areas of divergence (upwelling) which can bring the rich nutrient wa-
ters in deep subsurface to the shallow layer to enhance phytoplankton
production in the BoB, making the otherwise oligotrophic region
moderately productive (Jyothibabu et al., 2015). On the other hand,
anti-cyclonic eddies are areas of convergence (downwelling) and,

Fig. 3. Vertical profiles of chlorophyll a in the upper 200m observed by 2902086 and 2902087 before and after the passage of (a) DD BOB 04 and (b) CS Roanu
respectively. Labels “11–3”, “11–8” and “11–13” stand for 3, 8 and 13 November 2014 respectively. Labels “5–16”, “5–21” and “5–26” stand for 16, 21 and 26 May
2016 respectively.

Fig. 4. Scatterplots between oceanographic variables in situ measured at the vertical subsurface water: (a) Temperature versus DO, (b) Salinity versus DO and (c)
chlorophyll a versus DO before (blue) and after (red) DD BOB 04 on 3 and 8 November 2014; and (d) Temperature versus DO, (e) Salinity versus DO and (f)
chlorophyll a versus DO before (blue) and after (red) CS Roanu on 16 and 21 May 2016. Note: the study only chose the depths at which the chlorophyll a was higher
than 0.05mgm−3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

H. Xu, et al. Marine Pollution Bulletin 146 (2019) 838–847

842



therefore, considered as a mechanism that increases the severity of
oligotrophy in the BoB (Jyothibabu et al., 2008). In this study, the
oxycline (67m) before DD BOB 04 was much shallower than the value
(112m) before CS Roanu (Table 1). The concentrations of DO at surface
before CS Roanu were significantly higher than the value before DD
BOB 04. The reason for these phenomena was probably the upwelling
(downwelling) caused by the cyclonic eddy (anticyclonic eddy) which
brought the low-oxygen (high-oxygen) water to the shallower (deeper)

subsurface layers. These results are consistent with the previous
finding. Oxygen levels were influenced by cyclonic eddies through their
upward tilting of the isolines among the eddy regions in the BoB, which
induced a water mass with low oxygen levels in the surface layers
(Sardessai et al., 2007). Sarma and Udaya Bhaskar (2018) showed
ventilation of OMZ due to anticyclonic eddies in the BoB using Bio-Argo
data. Hence, the pre-existing cyclonic (anticyclonic) eddy can shoal
(deepen) the oxycline, which could intensify (relieve) the OMZ in the

Fig. 5. Satellite remote sensing data of ASCAT daily wind (the length of arrows represent the wind speed, m s−1) and Ekman pumping velocity (EPV, m s−1) when DD
BOB 04 and CS Roanu swept the area occupied by Argo float 2902086 and 2902087 on 5 November 2014 and 18 May 2016 respectively.

Fig. 6. Satellite remote sensing data of sea surface temperature (SST, °C, upper panels) and sea level anomaly with surface geostrophic currents (SLA, cm and current,
m s−1, lower panels) (a,d) before DD BOB 04 (3 November 2014), (b, e) three days after BOB 04 (8 November 2014) and (c,f) eight days after BOB 04 (13 November
2014). The inverted pink triangles represent the Argo positions. Dashed lines and colour dots represent the storm track and intensity of DD BOB 04. The pink dotted
line represents the SLA=−1 cm. (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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BoB.

4.2. The DO responses during DD BOB 04 and CS Roanu

During the passage of these two TCs, "Wind Pump" effect (storm-
induced vertical mixing and upwelling) led to the temporal changes in
the vertical hydrographic profiles. The vertical distributions of ob-
served temperature and salinity measured by two Argo floats revealed
storm-induced upwelling, which transported the deep subsurface wa-
ters of low temperature and high salinity to the shallow subsurface
layers. For DD BOB 04, the wind speed of the storm was ~13.6m s−1,
and its translational speed was ~1.7m s−1 near the area occupied by
the Argo float (Table 1). The translational speed (~2.3m s−1) near the
area occupied by the Argo float during CS Roanu (with the wind speed
of ~17.6m s−1) was also slow. A relatively slowly-moving storm (with
translation speeds ≤4m s−1) can generate strong upwelling to bring
the subsurface cold waters to the surface layer, which is demonstrated
by several previous studies (Price, 1981; Zhao et al., 2008; Chacko,
2017). Hence, these two TCs, with high EPV of 0.9× 10−4m s−1 and
1.4×10−4m s−1, could generate the strong upwelling to bring the
waters in the deep subsurface layers to the shallow layers over the areas
occupied by two Argo floats. The oceanographic observations presented
in section 3 reveal that depths of the oxycline were 67 and 112m over
the areas occupied by these two Argo floats before DD BOB 04 and CS
Roanu respectively. Due to the shallow oxycline, the storm-induced
upwelling during DD BOB 04 and Roanu can transport the low-oxygen
waters in the deep layers upwards to the relatively shallower subsurface
layers even to the surface. This is consistent with the previous finding
made by Prakash et al. (2012), who documented the upward transport

of suboxic waters to a much shallower layer after the passage of tropical
storm 05A over the OMZ of central Arabian Sea. But in the open ocean
of the SCS, a different response of DO was found. One week after TC
Nanmadol, the layer of high DO concentrations in the SCS was found to
extend from the surface to a depth of 35m (Lin et al., 2014). The dif-
ference between BoB and SCS is that there is no OMZs in the subsurface
layer below 100m over the SCS before the passage of the storm. The
storm-induced upwelling could not bring the low-oxygen waters in the
deep subsurface layer to the shallow subsurface layer. To summarize,
owing to the shallow oxycline in the BoB, the slow-moving and intense
TCs can generate strong upwelling to induce the temporal decrease of
DO, which shoal the oxycline to affect marine ecology and fisheries.

4.3. The impact of eddies on DO after DD BOB 04 and CS Roanu

As time went on, the influence of mixing and upwelling induced by
TCs gradually disappeared after the passages of these two TCs. The
observed DO concentrations over the area to Argo floats 2902087 re-
covered to the pre-storm level at 8 days after the passage of CS Roanu.
However, the observed DO concentrations over the area to Argo floats
2902086 continuously decreased in the subsurface layers at 8 days after
the passage of DD BOB 04 (Fig. 2b). The DCM of these two TCs also
showed the similar responses in the vertical of the subsurface waters.
The satellite data shown in Figs. 6d–6f indicated that the pre-existing
cyclonic eddy was strengthened on 13 November 2014 over the area
occupied by the Argo float 2902086 under the influence of DD BOB 04.
The SLA over the Argo float continuously decreased to about −9 cm on
13 November. The pre-existing anticyclonic eddy under the influence of
CS Roanu significantly reduced its intensity but kept its size (Figs. 7d-

Fig. 7. Satellite remote sensing data of sea surface temperature (SST, °C, upper panels) and sea level anomaly with surface geostrophic currents (SLA, cm and current,
m s−1, lower panels) (a, d) before CS Roanu (16 May 2016), (b, e) three days after CS Roanu (21 May 2016) and (c,f) eight days after CS Roanu (26 May 2016). The
inverted pink triangles represent the Argo positions. Dashed lines and colour dots represent the storm track and intensity of CS Roanu. (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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7f). It should be noted the SLA over the Argo float kept high value
(16 cm) on 26 May, which indicated the intensity of anticyclonic eddy
over the area occupied by Argo float 2902087 was strong. Owing to the
dissipation of TC's influence, the strengthened cyclonic eddy could in-
duce the continuous upwelling which transported the deep subsurface
waters of low-oxygen, low temperature and high salinity upwards to the
shallow subsurface layer. The continuous upwelling shoaled the oxy-
cline to 46m, which significantly reduced the life space to restrict the
maximum living depth of animals to the oxygenated near-surface layer
(Stramma et al., 2012). On the contrary, the existed anticyclonic eddy
after the passage of CS Roanu could induce the downwelling to help the
recovery of the DO in the vertical profile. Although there is few report
about the response of DO to the pre-existing eddies, Ma et al. (2018)
reported the recovery time of SST cooling also takes longer in presence
of cyclonic eddy and the influence of anticyclonic eddy on the recovery
time is not significant. The mechanisms of longer time of SST cooling
and continuous DO decrease are the upwelling induced by the
strengthened cyclonic eddy, which bring the deep subsurface waters
with low temperature and low oxygen to the shallow subsurface layer
under the influence of TCs over BoB.

In order to quantify the changes associated with the cyclones, we
have calculated the vertical integrated DO change in the top 200m after
the storms. The integrated DO change in the top 200m was 2 μmolm−2

at 3 days after DD BOB 04 over the areas occupied by Argo float
2902086. It kept decrease to 3.5 μmol m−2 at 8 days after DD BOB 04,
which was due to the continuous upwelling caused by the strengthened
cyclonic eddy. The integrated DO change in the top 200m was
10.3 μmol m−2 at 3 days after CS Roanu over the areas occupied by
Argo float 2902087. But it gradually recovered to the pre-storm level at
8 days after CS Roanu. The integrated DO change after CS Roanu was
much higher than the value after DD BOB 04, which was induced by the
high EPV during the CS Roanu (1.4×10−4m s−1).

4.4. The chlorophyll a responses to DD BOB 04 and CS Roanu

The upper ocean DO responses to the cyclones depended on the
physical processes and biological responses. There are a lot of re-
searches documented about the subsurface temperature and salinity
variability based on in-situ observations, but only a few studies have
reported about the subsurface biological response. Ye et al. (2013) re-
vealed the strong subsurface phytoplankton bloom occurred in the SCS
after TC Nuri which lasted for nearly 3 weeks using cruise survey data.
Chacko (2017) documented the evolution of a subsurface phyto-
plankton bloom in response to cyclone using Bio-Argo observations in
the BoB. In this study Bio-Argo floats to the cyclone center provided a
rare opportunity to examine the subsurface chlorophyll a and DO re-
sponse before and after DD BOB 04 and CS Roanu.

Before TCs, owing to the upwelling (downwelling) induced by cy-
clonic eddy (anticyclonic eddy), the concentration of chlorophyll a
(1.3 mg m−3) before DD BOB 04 was higher than the value (0.39mg
m−3) before CS Roanu (Fig. 3). The DCM (62m) before DD BOB 04 was
much shallower than the value (107m) before CS Roanu. After the
passages of TCs, the increase of phytoplankton is mainly due to the
entrainment of subsurface phytoplankton or from new production re-
sulting from nutrient influx to the euphotic zone (Chacko, 2017). At
3 days after DD BOB 04, the DCM shoaled and the chlorophyll a in-
creased at depths 0–50m and decreased at depths 50–140m, which
were mainly caused by the physical process (vertical mixing) (Pan
et al., 2017). At 8 days after DD BOB 04, the upwelling caused by the
strengthened cyclonic eddy induced the continuous shallow of DCM. At
3 days after CS Roanu, the DCM was significantly uplifted by the storm-
induced intense upwelling. The differences between CS Roanu and DD
BOB 04 were that the DCM recovered and the SCM decreased slightly at
8 days after CS Roanu. The reasons for these differences were similar to
the DO changes after the TCs. These were mainly owing to the up-
welling caused by the strengthened cyclonic eddy which led to the

shallow of DCM, while the downwelling induced by the remained an-
ticyclonic eddy which promoted the recovery. It should be noted that
the increase of SCM was mainly due to the new production resulting
from nutrient influx caused by continuous upwelling at 8 days after DD
BOB 04.

For these two TCs, there was no obvious phytoplankton bloom over
the areas occupied by these two Argo floats after the TCs passed. The
following reasons can mainly explain this phenomenon. Before these
two TCs passed, the BL over the areas occupied by these two Argo floats
were thick (DD BOB 04 was 19m and CS Roanu was 14m). The pre-
sence of BL inhibits the entrainment of cooler waters from the ther-
mocline region to the shallow mixed layer there by reducing the rate of
cooling (Vissa et al., 2013). And these two TCs were tropical storms
which were not strong enough to break the BL to bring the waters with
rich nutrient in the deep subsurface layer to the shallow subsurface
even to the surface. Before and after the passage of DD BOB 04 and CS
Roanu, as shown in Fig. 4, the observed DO concentrations in the
subsurface waters were strongly correlated with the observed tem-
perature and salinity, but were not correlated with the observed
chlorophyll a concentrations in the subsurface waters. This indicates
that physical processes played a much more important role than the
biological processes in affecting the DO concentrations in the vertical
profile of subsurface waters under the influence of TCs. In addition,
there was no phytoplankton bloom and the concentrations of chlor-
ophyll a were low after these two TCs which could just consume/gen-
erate small part of oxygen and had little impact on the concentration of
DO. Moreover, as the oxyclines (a subsurface layer with the maximum
gradient of DO) of these two TCs were shallow, the concentrations of
DO in the shallow subsurface can be easily affected by the TCs. So the
temporal and spatial changes of DO in the subsurface water were pri-
marily controlled by physical processes including the storm-induced
mixing and upwelling.

5. Conclusion

This study investigates how tropical cyclones (TCs) "Wind Pump"
effect over the Oxygen Minimum Zone (OMZ) in the Bay of Bengal
(BoB) affected the dissolved oxygen (DO) concentrations in the sub-
surface waters with a pre-existing cyclonic eddy and an anticyclonic
eddy during DD BOB 04 and CS Roanu, respectively, based on Argo and
satellite data. The different mechanisms involved in the temporal and
spatial DO changes are presented schematically in Fig. 8. The major
conclusions from the present study include:

1. The intense storm-induced upwelling caused by these two TCs all
induced the temporal decrease of DO in the subsurface layers.

2. With a pre-existing cyclonic eddy, DD BOB 04 led to a much shal-
lower oxycline than the CS Roanu with a pre-existing anticyclonic
eddy. Furthermore, DD BOB 04 induced a long time of DO decrease
in the subsurface layer, which can significantly intensify the OMZ.

3. The physical processes caused by the TCs are responsible for a major
portion of the temporal changes of DO after DD BOB 04 and CS
Roanu in the OMZ of BoB.
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