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Abstract The impact of tropical cyclones (TCs) on the CO2 partial pressure at the sea surface (pCO2sea) and
air-sea CO2 flux (FCO2) in the Bay of Bengal (BoB) was quantified based on satellite data and in situ
observations between November 2013 and January 2017. The in situ observations were made at the BoB
Ocean Acidification mooring buoy. A weak time-mean net source of 55.78 ± 11.16 mmol CO2 m

�2 year�1 at
the BoB Ocean Acidification site was estimated during this period. A wide range in increases of pCO2sea

(1.0–14.8 μatm) induced by TCs occurred in postmonsoon (October–December), and large decreases of
pCO2sea (�14.0 μatm) occurred in premonsoon (March–May). Large vertical differences in the ratio of dissolved
inorganic carbon (DIC) to total alkalinity (TA) in the upper layer (ΔDIC/TA) were responsible for increasing
pCO2sea in postmonsoon. Relatively small values of ΔDIC/TA were responsible for decreasing pCO2sea in
premonsoon. Five TCs (Hudhud, Five, Kyant, Vardah, and Roanu) were considered. Hudhud significantly
enhanced CO2 efflux (18.49 ± 3.70 mmol CO2/m

2) in oversaturated areas due to the wind effect during the
storm andwind-pump effects after the storm. Vardah insignificantly changed FCO2 (1.22 ± 0.24mmol CO2/m

2) in
undersaturated areas because of the counteraction of these two effects. Roanu significantly enhanced CO2

efflux (19.08 ± 3.82 mmol CO2/m
2) in highly oversaturated conditions (ΔpCO2> 20 μatm) since the wind effect

greatly exceeded the wind-pump effects. These five TCs were estimated to account for 55 ± 23% of the
annual-mean CO2 annual efflux, suggesting that TCs have significant impacts on the carbon cycle in the BoB.

Plain Language Summary We examined the impact by five tropical cyclones on the sea surface
pCO2 and air-sea CO2 exchange using Bay of Bengal Ocean Acidification moored buoy measurements over
the Bay of Bengal. To our knowledge, this is the first study on the different effects of tropical cyclones and
vertical differences in the ratio of dissolved inorganic carbon to total alkalinity in the upper layer on the sea
surface pCO2 and local air-sea CO2 flux.

1. Introduction

With a steady increase in the atmospheric CO2 concentration, the ocean plays a more important role than
ever in mitigating climate changes (Le Quéré et al., 2009, 2016). The oceanic storage of the anthropogenic
CO2 is affected significantly by the air-sea CO2 flux (FCO2) at the sea surface (Takahashi et al., 2009). The latter
depends on the difference between the partial pressure of CO2 at the sea surface (pCO2sea) and in the over-
lying atmosphere (pCO2air), the wind speed, sea surface temperature (SST), and sea surface salinity (SSS,
Wanninkhof, 1992, 2014; Wanninkhof et al., 2009). Among these factors, the wind speed plays a very impor-
tant role in determining the absolute value of FCO2 due to the quadratic or cubic functional dependence of
the gas transfer velocity with the wind speed. The gas transfer velocity is one of the key parameters for esti-
mating FCO2 (Wanninkhof, 1992, 2014; Wanninkhof et al., 2009; Wanninkhof & McGillis, 1999).

The study region of this paper is the Bay of Bengal (BoB), which is a large but relatively shallow embayment of
the northeastern Indian Ocean, with a total surface area of about 2.17 × 106 km2 (Figure 1a). The BoB is highly
influenced by the southwest monsoon in summer (June–September) and the northeast monsoon in winter
(November–February, Thadathil et al., 2007). The Bay also experiences intense tropical cyclones (TCs)
during both the premonsoon months (March–May) and postmonsoon months (October–December,
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Neetu et al., 2012; Obasi, 1997). The BoB receives a large volume of freshwater from precipitations and from
rivers including the Ayeyarwady, Ganges-Brahmaputra, Mahanadi, Godavari, Krishna, and Kaveri Rivers
(Sengupta et al., 2006). The total freshwater input to the BoB north of 14°N during the summer monsoon is
about 3,050 km3, including 1,250 km3 from precipitation and 1,800 km3 of runoff from rivers (Sengupta
et al., 2006). This leads to the low surface salinity (< 30 psu), low total alkalinity (TA, < 2,200 μmol/kg), and
low dissolved inorganic carbon (DIC, < 1,900 μmol/kg) in the BoB in the postmonsoon (Bates et al., 2006;
Sabine et al., 2002). The ratio of the DIC to TA (henceforth DIC/TA) increases from about 0.85 at the sea
surface to 0.96 at depths with the potential density of 26.0 kg/m3 (Sabine et al., 2002). Large values of
DIC/TA were found to influence the effect of temperature changes on pCO2 (Goyet et al., 1993).

A very few pCO2 observations were made previously in the BoB. As a result, the mean seasonal pCO2 cycle
was not very well known (Takahashi et al., 2009). A large pCO2 seasonality (up to 100 μatm) in the BoB was
suggested by Bates et al. (2006). A recent synthesis analysis indicated, however, a relatively low pCO2 season-
ality (about 25 μatm) but significant pCO2 variations in April–May in the Bay (Sarma et al., 2013). Previous stu-
dies also provided very different estimations of FCO2 in the BoB. Based on the inorganic carbon data collected
in the Indian Ocean in 1995, for example, Bates et al. (2006) suggested that the BoB is a net oceanic source of
atmospheric CO2. Takahashi et al. (2009) constructed the climatological mean distribution for the sea surface
water pCO2 over the global oceans based on the observations from 1970 and 2007, and they suggested that
the BoB is near equilibrium for the CO2. By examining numerical results produced by various ocean biogeo-
chemical models and different atmospheric inversions, Sarma et al. (2013) argued that the BoB is a small
annual net sink region for the atmospheric CO2. These different estimations are due partially to the paucity
of sampling or various methods used to estimate the fluxes, and partially to the effects of extreme weather
events such as typhoons and TCs, which were not be taken into account in the previous estimates. In addi-
tion, the large seasonal variation of pCO2 suggested by Bates et al. (2006) was confirmed by the recent
Surface Ocean CO2 Atlas database (Bakker et al., 2016).

Several previous studies suggested that TCs (or typhoons) are responsible for the cooling of sea surface tem-
perature (SST) behind storms (Maneesha et al., 2012; Sengupta et al., 2008; Vidya & Das, 2017; Warner et al.,
2016) and increase of chlorophyll a (Chla) concentrations based on ocean-color satellite data and in situ
observations (Chacko, 2017; Chen et al., 2013; Sarangi et al., 2015; Vidya & Das, 2017) in the BoB and other
regions due to the storm-induced wind-pump effects (Sheng et al., 2006; Song & Tang, 2017; Ye et al.,
2013). It was found that the storm-induced SST cooling is about 3 times larger during the premonsoon season
than during the postmonsoon season because of the thick barrier layer (BL) and deep thermocline in winter
(Neetu et al., 2012; Sengupta et al., 2008). By wind-pump effects, the storm-induced vertical mixing and

Figure 1. (a) Map showing the Bay of Bengal (BoB), tracks of five tropical cyclones (TCs), and the location of the Research
Moored Array for African-Asian-Australian Monsoon Analysis and Prediction (RAMA) mooring at 90°E and 15°N (red
triangle). (b) The tracks and intensity of five TCs including Hudhud (8–12 October 2014), Five (6–7 November 2014), Kyant
(25–26 October 2016, C3), Vardah (7–11 December 2016, C4), and Roanu (18–21 May 2016). The storm intensity is
marked by color lines (green: tropical storm; blue: TC 1; pink: TC 2; red: TC 3, and dark red: TC 4). Solid red, black, and blue
squares represent Argo float stations before, during, and after the TC’s passage. Blue and brown dashed lines represent
200- and 1,000-m water depths. Red triangle represents the BOBOA mooring site. BOBOA = BoB Ocean Acidification.
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upwelling can decrease the SST, resulting in decreasing the pCO2sea by 0.0423 °C�1 (Takahashi et al., 1993),
and also increasing the DIC, which increases the pCO2sea (Sun et al., 2014; Ye, Sheng, et al., 2017).

A TC is a very intense and localized atmospheric low-pressure system formed over tropical oceans typically
with strong winds and high precipitations. Previous studies demonstrated that the passage of a TC can lead
to enormous FCO2 from the surface ocean to the atmosphere, based on analyses of various moored buoy data
(Bates et al., 1998; Bates, 2007; Bond et al., 2011; Nemoto et al., 2009), underway measurements (Perrie et al.,
2004; Sun et al., 2014; Ye, Sheng, et al., 2017), and model results (Huang & Imberger, 2010; Wada et al., 2013).
Some studies suggested that TCs have significant impacts on the local inorganic carbon system such as in the
South China Sea, East China Sea, and Atlantic Ocean (Bates, 2007; Bates et al., 1998; Huang & Imberger, 2010;
Nemoto et al., 2009; Ye, Sheng, et al., 2017). Other studies implied that TCs have weak contributions on the
global carbon cycle (Levy et al., 2012). The current wisdom is that the actual impact of a TC on FCO2 depends
on the oceanographic condition at the time of the TC passage. One of important scientific issues is whether
the TCs have a significant impact on the pCO2sea and FCO2 in the BoB. This study is to address this issue by
examining the changes in pCO2sea and FCO2 caused by five TCs in the premonsoon and postmonsoon using
remote sensing data and in situ oceanographic observations made at the BoB Ocean Acidification (BOBOA)
mooring buoy. Five TCs during the study period between November 2013 and January 2017 were consid-
ered. There were four other TCs passing though the BoB during the study period, including TC Madi on
6–12 December 2013, TC One on 4–5 January 2014, TC Two on 29–30 July 2015, and TC Nada on
29 November to 1 December 2016. Since these four TCs were far away from the BOBOA site, their effects were
not considered here. The main purpose of this paper is to characterize the importance of vertical differences
in DIC/TA controlling the pCO2sea variation and to evaluate the influence of TCs on the local FCO2 in the BoB.

This paper is organized as follows. The data and methodology used in this study are presented in section 2.
The in situ observations and satellite remote sensing data in the BoB during TC Hudhud are examined in
section 3. The temporal variability of pCO2sea and FCO2 induced by TC Hudhud and other four TCs, and esti-
mation of the total FCO2 induced by TCs are discussed in section 3.5. Conclusions of this study are presented
in section 4.

2. Data and Methods
2.1. RAMA Buoy Data

In November 2007, the Pacific Marine Environment Laboratory and Indian technicians deployed a Research
Moored Array for the African-Asian-Australian Monsoon Analysis and Prediction (RAMA) in the BoB
(McPhaden et al., 2009). Each buoy was equipped with a suite of meteorological, physical, and biogeochem-
ical sensors. The BOBOAmooring buoy was deployed in November 2013 as part of the RAMA array. A Moored
Autonomous pCO2 (MAPCO2) system was mounted on the buoy. For a detailed description of the MAPCO2

system and associated data processing, a reader is referred to Sutton et al. (2014). In brief, the MAPCO2 sys-
tem utilized an automated equilibrator-based gas collection system to measure the mole fraction of CO2

(xCO2) in the surface seawater every 3 hr, in addition to sample temperature, pressure, and relative humidity.
The xCO2 measurement was made by a LI-820, LI-COR gas analyzer calibrated with reference gases traceable
to World Meteorological Organization standards. A Sea-Bird Electronics 16 plus V2 SeaCAT was also deployed
and integrated with the MAPCO2 system to make SST and SSS measurements used to calculate pCO2

(Dickson et al., 2007; Sutton et al., 2016; Weiss, 1974). The accuracy of measuring the SST and SSS was about
±0.02 °C and ±0.02 psu, respectively (McPhaden et al., 2009). The overall uncertainty of the MAPCO2 was bet-
ter than 2 μatm for pCO2sea and better than 1 μatm for pCO2air (Sutton et al., 2014). The pCO2 data were
acquired between 24 November 2013 and 10 June 2015, and between 6 March 2016 and 9 January 2017
(Sutton et al., 2016; Sutton, Sabine, et al., 2017).

The RAMA mooring buoy data including the 10-min interval observations of radiation, wind velocity, precipi-
tation and SST, and hourly observations of sea level pressure (SLP), SSS, and heat flux data, together with the
three-hourly observations of pCO2, SST, and SSS from the BOBOA mooring buoy, were used in this study. The
wind observations were not available between 16 August 2016 and 10 January 2017. As a result, the 6-hourly
cross-calibrated multiplatform (CCMP) winds were averaged to daily winds for the cases of TCs Kyant and
Vardah. More information on the in situ observational data can be found from the webpage for the
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National Oceanographic and Atmospheric Administration’s Pacific Marine
Environment Laboratory (www.pmel.noaa.gov/).

Since the observed winds at buoys were available only at a limited number of buoy
locations, and FCO2 is commonly calculated using satellite wind products, the
observed wind speed was converted to the wind speed at a height of 10 m above
the mean sea level (MSL) based on (Large & Pond, 1981; Sutton, Wanninkhof, et al.,
2017):

u10 ¼ u zð Þ
1þ

ffiffiffiffiffiffiffiffi
Cd10

p
0:4 � ln z

10

� � (1)

where u10 is the wind speed at 10 m from the MSL in meter per second, z is the height
(m) of the wind sensor (4 m), u(z) is the wind speed recorded by the moored sensor in
meter per second, Cd10 is the drag coefficient set to be 0.0011, and 0.4 is von Karman’s
constant. The accuracy of the wind speed observations was about ±0.3 m/s or 3%
(McPhaden et al., 2009). To calculate the FCO2, the 10-min observed winds were aver-
aged to 3-hourly winds.

2.2. TC and Satellite Data

Five TCs (Hudhud, Five, Kyant, Vardah, and Roanu) during the 39-month period
between November 2013 and January 2017 were considered in this study (Table 1).
The 6-hourly track data of each TC, including the central locations and maximum sus-
tained wind speeds at 10 m above the MSL, were obtained from the Joint Typhoon
Warning Center (weather.unisys.com/hurricane/). Among these five TCs, Hudhud,
Five, Kyant, and Vardah swept the BoB during the postmonsoon seasons and Roanu
swept the region during the premonsoon seasons. It should be noted that the
BOBOA mooring buoy was about 183–309 km away from storm centers of TCs
Hudhud, Five, Kyant, and Vardah, and about 538 km away from TC Roanu
(Figure 1b). Therefore, the in situ observations at the BOBOA mooring site may not
represent the maximum changes in the oceanographic conditions over areas influ-
enced directly by these five storms.

The 6-hourly CCMP winds with a horizontal resolution of 0.25° × 0.25° were obtained
from the website for the Remote Sensing Systems at ftp://data.remss.com/measure-
ments/ccmp/ (Atlas et al., 2011). The daily satellite remote sensing fields of 10-mwinds

and wind stress vector ( τ!) with a 0.25° × 0.25° resolution were obtained from the
Advanced Scatterometer website at ftp.ifremer.fr/ifremer/cersat/products/gridded/
MWF/L3/ASCAT/. The daily microwave and infrared (MW_IR) optimally interpolated
SST products with a spatial resolution of 9 km were obtained from the website for
the Remote Sensing Systems at ftp://data.remss.com/. The daily Moderate
Resolution Imaging Spectroradiometer Aqua-derived sea surface phytoplankton
Chla product with a horizontal resolution of 4 km was obtained from the website of
the NASA Ocean Color at oceancolor.gsfc.nasa.gov/. Daily fields of geostrophic veloci-
ties 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.

2.3. ΔDIC/TA and Ekman Pumping Velocity

The surface mixed layer depth (MLD) and the Ekman pumping velocity (EPV) are used
in this study to estimate the storm-induced vertical mixing and upwelling (or down-
welling) during the passage of the TC. The MLD is defined as the depth at which the
potential density is 0.125 kg/m3 higher than the surface potential density
(Girishkumar et al., 2014; Levitus, 1982). The ILD, the depth of the top of the thermo-
cline, is defined as the depth at which the water temperature is cooler by 1 °C thanTa
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the SST (Rao & Sivakumar, 2003). The BL is defined as the layer between the bottom of the surface mixed layer
and the top of the thermocline (Thadathil et al., 2007).

The EPV was calculated from the surface wind stress vector ( τ!) as follows:

EPV ¼ �Curlz
τ!
ρof

� �
(2)

where ρ0 is the sea water density set to 1,025.0 kg/m3 and f is the Coriolis parameter.

In this study, ΔDIC/TA is defined as the difference in DIC/TA between L1 and L2, where L1 is the upper depth of
ILD, and L2 is the depth within the layer between ILD and the depth at which water temperature is cooler by
3 °C than the SST.

2.4. Estimation of Air-Sea CO2 Flux

The flux of CO2 across the air-sea interface (hereafter FCO2) is often estimated from the bulk formula given as

FCO2 ¼ k�KH�ΔpCO2 (3)

where k is the gas transfer velocity of CO2, KH is the solubility of CO2 in seawater that is a function of salinity
and temperature (Weiss, 1974), and ΔpCO2 is the difference between pCO2sea and pCO2air defined as

ΔpCO2 ¼ pCO2sea � pCO2air (4)

A positive value of FCO2 represents the net CO2 flux from sea to atmosphere (efflux), and a negative value
represents the net CO2 exchange from atmosphere to sea (influx). The transfer velocity, k, depends on u10
and the Schmidt number (Sc). The updated relationship established by Wanninkhof (2014) was used in this
study to calculate k:

k ¼ 0:251u10
2 Sc=660ð Þ�0:5 (5)

where Sc is a function of temperature (Wanninkhof, 2014).

Here we estimate approximately the uncertainty of FCO2 (δFCO2) from errors for three variables k, KH, and ΔpCO2

(defined, respectively, as δk ; δKH, and δΔpCO2 based on equation (3)). The uncertainty of KH is about 0.3% (Weiss,
1974), and of ΔpCO2 is 3 μatm or 0.8%. The cumulative error of k in equation (5) is about 19% (20%), which
includes the uncertainty of 10% in the coefficient 0.251, 3% in in situ wind speeds (4% in CCMP winds), 5% in
Sc, and ad hoc additive uncertainty in k when wind speeds less than 3.5 m/s and greater than 12 m/s
(Wanninkhof, 2014). Assuming that the errors for three variables are independent, the uncertainty for FCO2
can be estimated from

δFCO2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2k þ δ2KH þ δ2ΔpCO2

q
≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:22 þ 0:0032 þ 0:0082

p
≈0:2;

which indicates that the uncertainty of FCO2 is approximately 20% and determined mostly by the uncertainty
of k (Wanninkhof, 2014).

3. Results
3.1. Observations of Full Record Data

Atmospheric and oceanographic observations made at the BOBOA mooring site reveal the SST had signifi-
cant synoptic variabilities, with a large seasonal temperature cycle during the 39-month period between
November 2013 and January 2017 (Figure 2a). The range of the SST seasonal cycle was about 4 °C, which var-
ied from a minimum monthly mean of 26.9 °C in February to a maximum monthly mean of 30.7 °C in May
(Figure 2b). The observed SSS at this site during the study period also had noticeable temporal variability with
relatively large changes in December 2013 and September 2016 (Figure 2a), due mainly to heavy rainfalls in
the region (data not shown). No obvious seasonal salinity cycle was observed at this mooring site during the
39-month period (Figure 2b). The daily observations of wind speeds had very high temporal variability
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(Figure 2a) and a significant seasonal cycle during the study period, with a monthly mean minimum of about
3.5 m/s in the premonsoon and a monthly mean maximum of about 9.1 m/s during the monsoon (Figure 2b).

The daily observations of pCO2sea (320–438 μatm) at the BOBOA mooring site had relatively large temporal
variability, while the daily observations of pCO2air had relatively small temporal variability and less than 6%
during the study period (Figure 2c). The range of the observed seasonal cycle in pCO2sea was about 45 μatm,
which varied from a minimum of about 365 μatm in February to 410 μatm in May (Figure 2d). The high
pCO2sea in April–June was due mainly to high SSTs driven by strong solar radiations and weak winds. The
low pCO2sea in December–February was due mainly to low SSTs associated with weak solar radiations. The
very low pCO2sea on 20–25 February 2015, however, was probably due to the low SST and low salinity gen-
erated by the ocean circulation. The extremely low values of pCO2sea on 17–26 December 2013 and also on
16–25 September 2016 were due most likely to the low salinity (heavy precipitation and low wind speeds) in
the study region. The observed pCO2sea decreased significantly from 403 μatm on 20 August 2014 to
351 μatm on 27 August 2014 (Figure 2c), which was due mainly to the low salinity generated by the heavy
precipitation. Another large value of pCO2sea in October 2014 was due to the passage of TC Hudhud.
Overall, the monthly mean pCO2sea had the highly similar seasonal pattern as the monthly mean SST.
Similarly, large temporal variability of the daily FCO2 was observed at this mooring site during the study per-
iod (Figure 2e). Since the magnitude of FCO2 depends on the wind speed and the difference between pCO2sea

and pCO2air, the observed maximum FCO2 of about 7.57 mmol CO2 m
�2 day�1 occurred when the observed

winds and pCO2sea reached a high value on 18 June 2015. Figure 2f demonstrates that the BOBOA mooring
site was characterized by a CO2 sink from September to March (except for October) and a CO2 source from
April to August. In comparing with the CO2 sink in September and November, the opposite CO2 source in
October was affected by TC Hudhud on 8–11 October 2014, which is the motivation of our study to investi-
gate the effect of TCs on the air-sea CO2 exchanges in the BoB. The nonzero annual mean of FCO2 shown in
Figure 2f indicates that this location had a weak net source of 55.78 ± 11.16 mmol CO2/m

2 averaged from

Figure 2. Observed daily time series of (a) SST, SSS, and wind speed; (b) pCO2sea, pCO2air, and pH; and (c) FCO2 at the
BOBOA mooring site during the period from November 2013 to January 2017. Right panels show the monthly mean
time series averaged from three-hourly observations shown in left panels. The red vertical lines in Figure 2e represent five
TCs chosen for this study. BOBOA = Bay of Bengal Ocean Acidification; SST = sea surface temperature; SSS = sea surface
salinity.
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51.39 ± 10.28 mmol CO2/m
2 in the whole year of 2014 and 60.16 ± 12.03 mmol CO2/m

2 over the entire
moored time series.

3.2. Wind, EPV, and Precipitation Affected by TC Hudhud

TC Hudhud was the first TC passing through the central BoB during the study period. The storm was a
Category 4 TC originating from a tropical depression in the central BoB on 8 October 2014 (Figure 1).
Hudhud moved northwestward and left the study region on 12 October 2014. The wind speeds were weak
and less than 5 m/s on 4–7 October 2014 (before the storm) over the most part of the BoB, except for rela-
tively strong and about 8 m/s over the southeastern area of the BoB (Figure 3a). During the TC on 8–11
October, very strong winds (> 10 m/s) prevailed over the entire BoB (Figure 3b). The intensity of wind speeds
(> 15 m/s) was strong along Hudhud’s track and about 13 m/s around the BOBOA mooring buoy. The 4-day
time-mean wind speeds were significantly weakened after the TC on 12–15 October (Figure 3c), with weak
winds (< 7 m/s) over the most part of the BoB and about 5 m/s around the BOBOA mooring site.

Distributions of the EPVs shown in Figure 3d indicate that the wind-induced upwelling before TC Hudhud
was very weak over the most of the BoB, except for small values (< 2.5 × 10�5 m/s) over the southeastern
area of the BoB. During the passage of TC Hudhud on 8–11 October 2014, by comparison, the large and posi-
tive EPVs (> 2 × 10�4 m/s) occurred along the TC track and over areas to the right of the TC track (Figure 3e).
The large negative EPVs over several local areas shown in Figure 3e (areas with dark blue colors) indicate
occurrence of intense wind-induced downwelling over these areas. After the TC, the EPVs weakened signifi-
cantly and returned to the prestorm values (Figure 3f).

In addition to the intense winds, Hudhud also brought a significantly large amount of precipitations. Before
the storm on 4–7 October, the 4-day time-mean precipitations were generally low over the most of the BoB

Figure 3. Satellite remote sensing data of 4-day time-mean (a–c) surface wind velocities and speeds (m/s); (d–f) Ekman
pumping velocities (EPV, m/s), and (g–i) precipitations (mm/day) in the Bay of Bengal during the period of 4–15 October
2014. Left, middle, and right columns present the remote satellite data before, during, and after the passage of TC
Hudhud. Red lines represent the track of TC Hudhud, and red triangle represents the BOBOAmooring site. BOBOA = Bay of
Bengal Ocean Acidification; TC = tropical cyclone.
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(Figure 3g), except for slightly large precipitations of about 70 mm/day ahead of the storm over the
southeastern area of the BoB. During the passage of Hudhud on 8–11 October, precipitations along the
track of Hudhud increased up to 150 mm/day (Figure 3h). Figure 3h also shows that the heaviest rainfall
was mainly left biased during Hudhud, which differs from the typical rainfall distribution for a TC (Lonfat
et al., 2004). Usually, a large proportion of rainfall falls in advance of the storm center than after the
passage of the storm, with the highest percentage falling in the right front quadrant (Lonfat et al., 2004),
due to main factors such as the wind shear, SST, and moisture distribution. The rainfall was small after
Hudhud on 12–15 October (Figure 3i).

3.3. Satellite-Derived SLA, SST, and Chla

The wind-pump effects (including vertical mixing and upwelling), the nonlinear dynamics of cold eddies,
and the storm-induced currents are expected to affect the large-scale oceanic circulation in the BoB.
Before Hudhud on 4–7 October, two large-size anticyclonic eddies (positive SLAs) occurred over the
southwestern and northeastern areas of the BoB, and two attached cyclonic eddies (negative SLAs)
occurred over the central area of the BoB (Figure 4a). These (western and eastern) cyclonic eddies
emerged into one large-size cyclonic eddy during Hudhud’s passage on 8–11 October (Figure 4b) and
strengthened after Hudhud’s passage on 12–15 October (Figure 4c). The strengths of the two anticyclonic
eddies were similar over areas adjacent to the storm track during and after Hudhud. It should be noted
that the BOBOA mooring buoy was located at the transition zone of the northeastern anticyclonic eddy
and eastern cyclonic eddy, with the surface geostrophic currents to be about 0.3 m/s and approximately
westward during the passage of Hudhud.

Figure 4. Satellite remote sensing data of 4-day time-mean (a–c) sea level anomalies (SLA, cm) and geostrophic currents
at the sea surface (m/s), (d–f) sea surface temperature (SST, °C), and (g–i) chlorophyll a concentrations (Chla, mg/m3) in
the Bay of Bengal during the period of 4–15 October 2014. Left, middle, and right columns show satellite data before,
during, and after the passage of TC Hudhud. Black lines represent the storm track of Hudhud, red triangles represent
the BOBOA mooring site, and black solid squares represent the Argos position. The Chla concentrations (h) before,
(i) during, and (j) after Hudhud were averaged from 1 to 7, 8 to 13, and 14 to 18 October 2014, respectively. BOBOA = Bay of
Bengal Ocean Acidification; TC = tropical cyclone.
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The MW_IR SST image on 4–7 October shown in Figure 4d features high SST (about 29 °C) over the whole
BoB before the passage of Hudhud, except for the relatively lower SST over the southeastern area due
most likely to the generation of Hudhud that took the heat energy from the ocean. During the passage
of Hudhud, there was significant SST cooling over areas under the direct influence of the TC (Figure 4e).
After Hudhud on 12–15 October, a significant SST cooling patch along the storm track with the maximum
SST cooling of about 5 °C occurred over the area centered at about 86°E and 16°N (Figure 4f). The storm-
induced SST cooling was only about 1 °C at the BOBOA mooring site due to its location of about 183 km
away from the storm track.

The Chla concentrations had significant spatial variability before and after the passage of Hudhud over
the BoB (Figures 4g–4i). Before Hudhud on 1–7 October, the 7-day time-mean Chla concentrations were
generally low (< 0.2 mg/m3) over the central and southern areas of the BoB (Figure 4g). During the pas-
sage of Hudhud 8–13 October, no valid data were available to derive Chla concentrations due to the
heavy cloud coverage (Figure 4h). Chacko (2017) reported, however, that a Chla bloom along the storm
track of Hudhud was observed by a bio-Argo float 2902114. After Hudhud on 14–18 October, the Chla
concentrations significantly increased to 0.5–4.0 mg/m3 along the storm track (Figure 4i). The high Chla
concentrations were due to the combined effect of subsurface chlorophyll entrainment and nutrient
injection (Chacko, 2017). At the BOBOA mooring site, the Chla concentration was unchanged after
14 October.

3.4. Oceanic and Meteorological Conditions at the Mooring Site

As mentioned earlier, the storm center of TC Hudhud was about 183 km to the south of the BOBOA mooring
site on 9 October 2014 and the storm moved northwestward during the period of 9–13 October with transla-
tional speeds of about 2.5 m/s (Figure 1b). As shown in Figure 5a, there was significant reduction in the short-
wave radiation at the mooring site on 7–9 October due to heavy cloud covers associated with Hudhud. The
observed long-wave radiations at the site were about 429 W/m2 with small temporal variability during this
period. The SLP at the mooring site decreased from about 1,010 hPa on 4 October (before the storm) to a
minimum of about 999 hPa on 9 October and then gradually increased to the prestorm value of about
1,010 hPa (Figure 5b). The observed 10-m wind speeds at the mooring site were not strong and had large
temporal variability with the mean value of about 3.7 m/s before the storm on 4–6 October (Figure 5b).
The observed winds at the BOBOA mooring site increased significantly during the passage of Hudhud on
8–10 October and reached a maximum of about 13.6 m/s on 9 October. The observed winds then gradually
decreased to light winds after the storm on 13–15 October.

The observed SST at the BOBOA mooring site demonstrates the storm-induced SST cooling associated with
TC Hudhud. The observed SST at this site was about 29.4 ± 0.2 °C with significant temporal variability before
the storm on 4–7 October and decreased to 28.6 ± 0.3 °C during the passage of the storm on 8–11 October
2014 (Figure 5c). The SST remained to be about 28.6 ± 0.3 °C after the storm on 12–15 October. Themaximum
observed SST cooling was more than 1 °C at the BOBOA mooring site. It should be noted that, on 6 October
and 14–15 October, large diurnal SST signals occurred with a maximum at 12:17–14:17 UTC. During these
days, the weather was fine and wind speeds were very low (<4 m/s).

The observed SSS at the BOBOAmooring site before the TC was relatively low and nearly constant (32.3 ± 0.1
psu) on 5 October before the storm (Figure 5c). During the passage of Hudhud on 9–10 October, the
observed SSS increased to 32.7 psu, indicating that the surface waters were affected by subsurface waters
with high salinity. The small salinity fluctuation on 5 October was associated mainly with heavy precipitations
(~143 mm) and slightly low wind speeds (<5 m/s) on 4 October (Figure 5d). The small salinity fluctuation on
10 October was caused mainly by light precipitations (~60 mm) on that day.

3.5. pCO2sea Variations and Air-Sea CO2 Flux

The in situ observations at the BOBOA mooring site revealed significant variations in pCO2sea

(387.5 ± 8.6 μatm) associated with the passage of TC Hudhud (Figure 5e). Prior to TC Hudhud, the ocean
waters around the BOBOA mooring site were a small source of CO2 to the atmosphere with the mean
ΔpCO2 values of 8.1 μatm. The variation of pCO2sea 379.7 ± 3.9 μatm was small with the maximum
pCO2sea occurring at the highest temperature and the minimum pCO2sea occurring at the heavy precipitation
period. During the passage of Hudhud between 8 and 11 October 2014, the pCO2sea (388.1 ± 7.9 μatm)
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Figure 5. Observed time series of atmospheric and oceanographic conditions at the BOBOAmooring site on 4–15 October
2014. From top to bottom, (a) the downward shortwave radiation (bold line) and longwave radiation fluxes (thin line),
(b) atmospheric pressure at the sea level and wind speed at 10-m height, (c) sea surface temperature (SST) and sea surface
salinity (SSS), (d) precipitation, (e) pCO2air, pCO2sea, and NpCO2,Tmean, and (f) ΔpCO2 and FCO2. Positive values of FCO2
indicate efflux of CO2 from the ocean, and negative values indicate influx into the ocean. BOBOA = Bay of Bengal Ocean
Acidification; SLP = sea level pressure.
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increased significantly with time, with the mean ΔpCO2 value of 13.8 μatm. After the passage of Hudhud on
12–15 October, the pCO2sea gradually increased to 404.5 μatm and then decreased to about 387 μatm with
the mean value of about 394.5 ± 5.8 μatm. It should be noted that the pCO2air was approximately constant on
4–15 October with the mean value of about 373.6 ± 2.3 μatm.

To examine the effects of properties other than water temperature on the variation of pCO2sea, pCO2sea nor-
malized to the mean temperature (NpCO2,Tmean) is developed by Takahashi et al. (2002),

NpCO2;Tmean ¼ pCO2sea� exp 0:0423 Tmean � Tobsð Þð Þ; (6)

where T is SST in °C, and the subscriptsmean and obs indicate the temperature averaged and in situ values on
4–14 October. The NpCO2,Tmean increased significantly at the time of minimum SLP and persisted over more
than 6 days (Figure 5e). The NpCO2,Tmean showed similar variations with the pCO2sea on late 8 October and
early 9 October, and about 8 μatm higher than the pCO2sea in the following 4 days. The NpCO2, Tmean chan-
ged from lower than the pCO2sea before the TC to higher than the pCO2sea during the TC, synchronized
decrease in SST approximately with the increase in SSS, indicating much DIC supply due to vertical mixing
corresponding to the entrainment at the base of the top mixed layer. The NpCO2,Tmean gradually decreased
from the highest value on 12 October to the same level as the pCO2sea after 14 October, combined with high
pCO2sea suggesting DIC supply played a larger role than possible occurrence of biological DIC consumption
in determining pCO2sea.

The values of ΔpCO2 determine the directions of FCO2. Prior to Hudhud, the surface waters around the
BOBOA mooring site were oversaturated with the averaged FCO2 value of about 0.30 ± 0.25 mmol
CO2 m�2 day�1 (Figure 5f). During the passage of Hudhud, the averaged FCO2 value was about
3.77 ± 1.97 mmol CO2m

�2day�1 with a maximum value raised to about 6.97 mmol CO2 m�2 day�1 on
9 October at 00:17 UTC, due to the strong wind effect. Concurrent with the wind speeds decreasing to the
prestorm values, the FCO2 gradually decreased to the prestorm values, with the averaged value of about
1.44 ± 1.23 mmol CO2 m�2 day�1 after the passage of Hudhud. The CO2 efflux enhanced by TC Hudhud
was about 18.49 ± 3.70 mmol CO2/m

2 in 8 days.

The SST-pCO2sea and SSS-pCO2sea diagrams (Figure 6) were used to examine the dependence of pCO2sea on
the SST and SSS. Before the passage of Hudhud in the BoB, pCO2sea was moderately correlated to SST with a
positive correlation coefficient value of R2≈0.39 and weakly correlated to SSS with a positive value of R2≈0.14
(Figure 6). This indicates that both temperature and salinity played some but nondominant role in determin-
ing pCO2sea before the storm. During the passage of Hudhud, pCO2sea was significantly correlated to SST with
a negative value of R2≈0.71 and also significantly correlated to SSS with a positive value of R2≈0.72. After
Hudhud, pCO2sea was strongly and positively correlated with SSS with a large value of R2≈0.69 but weakly
correlated to SST with a small value of R2≈0.05. The results indicate that physical processes played a much
more important role than the biological DIC consumption in affecting the change in pCO2sea during and after
Hudhud than before the storm.

Figure 6. Scatterplots between different oceanographic variables measured at the sea surface: (a) SST versus pCO2sea and
(b) SSS versus pCO2sea before (blue triangles), during (black boxes), and after (red circles) the passage of Hudhud for the
period of 4–15 October 2014. SSS = sea surface salinity; SST = sea surface temperature.
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3.6. Vertical Structures at the Mooring Site

Figure 7 presents hourly time series of observed hydrography at three different depths in the upper water
column at the BOBOAmooring site. Before the passage of Hudhud on 4–7 October 2014, the observed water
temperature and salinity were vertically stratified at the mooring site. During the passage of the storm on 8–9
October, the observed water temperature and salinity at 40 m were nearly equal to those at 1 m, indicating
vertically uniform water mass in the top 40 m due most likely to the intense vertical mixing caused by strong
winds associated with TC Hudhud on these days (Figures 3 and 5). After the storm on 12–15 October, the
observed temperature (salinity) at 1 and 40 m gradually increased (decreased) with time (Figure 7).

It should be noted that a TC (or typhoon) can generate not only strong vertical mixing but also strong upwel-
ling (Sheng et al., 2006; Song & Tang, 2017). The latter could also lead to vertically uniform distributions of
water temperature and salinity in the upper water column if the storm-induced upwelling lasts long enough
for subsurface waters to reach the sea surface. The observed temperature at 60 m was generally cooler than
the temperature at 40 m during the passage of Hudhud (Figure 7a), Furthermore, the running mean of the
observed temperature at 60 m during the passage of the storm was about 27.9 °C, which was about 1.1 °C
warmer than the observed temperature at the same depth before the storm. Hence, the storm-induced
upwelling played only a very minor role for the vertically uniform water mass in the top 40 m and reduced
vertical stratifications between 40 and 60 m at the BOBOA mooring site during and after the passage of
Hudhud. The observed water temperature and salinity at 60 m had very large temporal fluctuations during
and after the passage of Hudhud (Figure 7). The exact reason for these large temporal fluctuations at 60 m
is unknown. One plausible explanation is that temperature and salinity sensors at 60 m were near the inter-
face of two different water masses after 9 October, and the sensors made hydrographic measurements of
these two different masses once the interface had some vertical movements.

Figure 8a presents vertical profiles of 4-day time-mean temperature and salinity observations at the BOBOA
mooring site. The observed temperature (salinity) was cooler (higher) than the counterpart before the storm
in the upper 40 m. At depths between 40 and 100 m, the observed temperature (salinity) was relatively war-
mer (lower) than the counterpart before the storm. Below 100 m the observed hydrography remained
unchanged during the passage of Hudhud. The noticeable temporal changes in the observed hydrography
in the top 100 m were caused by the strong vertical mixing induced by Hudhud. Furthermore, TC Hudhud
also enhanced the MLD from 20 to 60 m and deepened the ILD from 60 to 80 m, while the thickness of
the BL was reduced from 40 to 20 m.

Figure 7. Observed hourly time series of (a) water temperature and (b) salinity at depths of 1, 40, and 60 m of the BOBOA
mooring site for the period of 4–15 October 2014. BOBOA = Bay of Bengal Ocean Acidification.
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3.7. Vertical Profiles at Argo Floats

Argo float 2902114 was located inside the cyclonic eddy waters and hit directly by Hudhud (Figures 4a–4c).
Vertical profiles of observed hydrography at this Argo float (Figure 8b) indicate that the ILD (MLD) for the
cyclonic eddy waters was about 32.6 m (37.6 m) before the passage of Hudhud and increased (decreased)
to 47.6 m (32.6 m) during the storm on 10 October and decreased to 17.4 m (22.4 m) after the storm on 15
October 2014. The BL did not appear during the entire study period. The decreased temperature in the upper
200 m and increased salinity between 70 and 100 m at this float site indicate very strong upwelling caused
most likely by TC Hudhud. The increased salinity in the upper 40 m and decreased salinity at intermediate
depths between 40 and 70 m indicate a very strong vertical mixing induced by Hudhud.

Argo float 2902087 was located at the edge of the anticyclonic eddy (Figures 4a–4c) during the period of
4–15 October. Figure 8c demonstrates that the thickness of the BL is about 45 m before Hudhud at this float
site. The BL thickness was thinner and about 30 and 40 m during and after Hudhud, respectively, indicating a
very strongmixing caused by Hudhud. During the passage of Hudhud, a slightly low SSS occurred duemainly
to heavy precipitations on 8–11 October (Figure 5). The salinity increased in the upper 40 m and decreased
between 40 and 70 m, showing the very strong mixing. The increased temperature and decreased salinity
below 90 m were due most likely to the moment of the Argo float into the anticyclonic eddy, within which
strong downwelling was expected.

4. Discussion
4.1. Enhanced pCO2sea Due to the Passage of TC Hudhud

As discussed above, the 4-day time-mean pCO2sea at the BOBOA mooring site increased of about
8.4 ± 11.8 and 14.8 ± 9.7 μatm, respectively, during and after the passage of TC Hudhud from its prestorm
value (Figure 5e). Furthermore, the cross-correlation coefficient between pCO2sea and SST changed from a

Figure 8. Vertical profiles of 4-day time-mean temperature and salinity observations and calculated potential density
before, during, and after the passage of TC Hudhud at (a) BOBOA mooring site averaged from 4 to 7, 8 to 11, and 12 to
15 October 2014; (b) Argo float 2902114 from 5, 10, and 15 October and (c) Argo float 2902087 from 4, 9, and 14 October.
ILD is calculated as the depth where the water temperature decreases by 1 °C from its surface value. MLD is defined as the
depth where the potential density increases by 0.125 kg/m3 from its surface value. L1 is the upper of ILD, and L2 is the layer
between ILD and the depth at which water temperature is cooler by 3 °C than the SST. BOBOA = Bay of Bengal Ocean
Acidification; SST = sea surface temperature; MLD = mixed layer depth; ILD = the depth of the top of the thermocline.
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moderately positive value before the storm to a significantly negative value during the storm. The cross-
correlation coefficient between pCO2sea and SSS changed from a marginally positive value before the
storm to a significantly positive value during the storm (Figure 6). The NpCO2,Tmean changed from
lower than the value of pCO2sea before the storm to higher than pCO2sea during the storm and then
gradually decreased to the same level as the pCO2sea after the storm (Figure 5e). These results indicate
that relatively cool, high salinity and CO2-rich subsurface waters were mixed and upwelled to the
surface due to the wind-pump effects (Song & Tang, 2017; Ye, Kalhoro, et al., 2017; Ye, Sheng, et al.,
2017). A strong negative relationship between pCO2sea and SST (Ye, Sheng, et al., 2017) and a
significantly positive relationship between pCO2sea and SSS were also observed in the South China Sea
after passages of typhoons (Sun et al., 2014; Ye, Sheng, et al., 2017).

The significantly negative cross correlation between pCO2sea and SST (Figure 6a) during TC Hudhud moti-
vates us to examine the vertical inorganic carbon conditions in the BoB during the postmonsoon. The
observational program known as the World Ocean Circulation Experiment (WOCE, Sabine et al., 2002) col-
lected various types of in situ oceanographic data that can be used to generate distributions of DIC and
TA in the world’s oceans. During the postmonsoon in October 1995, a WOCE cruise was conducted in the
BoB (Figure 9a). (The WOCE observational data were downloaded from the website for the Climate
Variability and Predictability and Carbon Hydrographic Data Office at http://cchdo.ucsd.edu/). Regional
relationships between salinity and DIC and TA were determined using WOCE samples collected in the
upper layer of ILD between 10–18°N and 87–93°E (Fassbender et al., 2017). The correlation analysis of
the WOCE data yields significantly positive cross correlations of DICs (DIC = salinity × 51.7 + 159.6;
R2≈0.995, P < 0.001) and TAs (TA = Salinity × 52.6 + 454.2, R2≈0.959, P < 0.001) with salinity in the upper
layer of the ILD, with a standard deviation of about ±9.2 and ±3.2 μmol/kg, respectively (Figures 9b and 9c).
It was suggested that TA is not affected by anthropogenic CO2 but only weakly altered by the

Figure 9. (a) Map of the Bay of Bengal showing the sample stations employed in this study, of which size represents
the sample depth, (b) DIC versus salinity, and (c) TA versus salinity in the thermocline layer (the depth at which
temperature decreases by 1 °C from the surface temperature). The data collected during a WOCE cruise in October 1995
(postmonsoon; red squares), and two GO-SHIP cruises in April 2007 (premonsoon; blue circles) and April 2016
(premonsoon; green circles) and can be downloaded from the Climate Variability and Predictability and Carbon
Hydrographic Data Office (http://cchdo.ucsd.edu/). DIC = dissolved inorganic carbon; TA = total alkalinity; WOCE = World
Ocean Circulation Experiment; GO-SHIP = Global Ocean Ship-based Hydrographic Investigations Program.
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uptake/release of protons associated with reduction/oxidation (Sabine et al., 2002). As shown in Figure 5c,
the SSS increased from a prestorm value of about 32.3 psu to a poststorm value of about 33.2 psu during
TC Hudhud in October 2014, and the TAs increased from a prestorm value of about 2,153.2 ± 9.2 μmol/kg
to a poststorm value of about 2200.5 ± 9.2 μmol/kg estimated using the linear relationship between TA
and salinity shown in Figure 9c. Previous studies also suggested that DIC is strongly influenced by the bio-
logical pump and also affected by the air-sea exchange and input of anthropogenic CO2 (Sabine et al., 2002).
The increasing DIC due to elevated anthropogenic inputs, such as at the station ALOHA (Keeling et al., 2004)
and North Atlantic Ocean near Bermuda (Bates, 2007), was reported in the literature. We calculated the
long-term increasing sDIC (normalized to a salinity of 35.0) trend in the upper layer of ILD of the BoB based
on two Global Ocean Ship-based Hydrographic Investigations Program cruises (http://cchdo.ucsd.edu/)
conducted on, respectively, 23–27 April 2007 and 20–24 April 2016 (Figure 9a). The increasing sDIC trend
is about �0.15 ± 0.64 μmol·kg�1·year�1 (standard error). The DICs before and after Hudhud were about
1826.7 ± 15.2 and 1873.2 ± 15.2 μmol/kg estimated from the linear relationship between DIC and salinity
shown in Figure 9b and the increasing sDIC trend, respectively. The thermodynamic relationships suggested
by Takahashi et al. (1993) were used:

dpCO2 ¼ ∂pCO2=∂Tð ÞdT þ ∂pCO2=∂DICð ÞdDICþ ∂pCO2=∂TAð ÞdTAþ ∂pCO2=∂Sð ÞdS ; (7)

where T represents SST and S represents SSS. The values of the four partial differential terms on the right-
hand side of equation (7) for tropical waters were used:

∂pCO2=∂Tð Þ=pCO2 ¼ 0:0423°C�1 (8)

∂pCO2=∂DICð Þ DIC=pCO2ð Þ ¼ 8 (9)

∂pCO2=∂TAð Þ TA=pCO2ð Þ ¼ �7:4 (10)

∂pCO2=∂Sð Þ S=pCO2ð Þ ¼ 0:93: (11)

Based on the SST decrease from a prestorm value of 29.4 ± 0.2 °C to a poststorm value of 28.6 ± 0.3 °C
during TC Hudhud and equation (8), the storm-induced SST cooling leads to a decrease of �12.8 ± 5.3 μatm
(Table 2). The increase in surface DICs and TAs leads to 77.4 ± 0.6 and �61.8 ± 0.1 μatm changes in pCO2sea,
respectively. The salinity change generated by storm-induced vertical mixing leads to an increase of
9.8 ± 1.5 μatm in pCO2sea.

The pCO2sea change is determined mostly by the phytoplankton photosynthesis processes, air-sea CO2

fluxes and coupled DIC, TA, temperature, and salinity change. Water temperature was found to be the
key factor for decreasing pCO2sea during Hurricanes Felix and Frances in the North Atlantic Ocean
(Bates et al., 1998; Huang & Imberger, 2010), and also during Typhoons Tina and Winnie in the East
China Sea (Nemoto et al., 2009; Wada et al., 2011). Meanwhile, the DIC was found to be the crucial factor
for increasing pCO2sea after the passage of typhoons in the South China Sea (Sun et al., 2014; Ye, Sheng,
et al., 2017). The precipitation accompanied by a TC can dilute the salinity in the surface ocean waters,
which can decrease the pCO2sea (Sun et al., 2014). The observed time series of temperature and salinity
shown in Figure 7 indicate that the storm-induced strong vertical mixing uplifted subsurface waters (at
depths up to 60 m) to the surface layer at the BOBOA mooring site where the depth of the subsurface
chlorophyll maximum was about 45–55 m (Chacko, 2017). This indicates that high Chla concentrations
occurred in the BOBOA waters, due mainly to the subsurface waters of high Chla concentrations mixed
to the surface layer waters although satellite Chla images were not available during the passage of
Hudhud on 8–13 October 2014. The very small change in Chla concentrations in the BOBOA waters (com-
paring Figures 4g with 4i) indicates that the phytoplankton photosynthesis processes may not have a
great impact on pCO2sea after 14 October. High pCO2sea within a cyclonic eddy core indicates that the
upwelling of CO2-rich subsurface water was the key factor, while low pCO2sea within the eddy edge
was due to the combination of biological uptake, physical upwelling, and thermodynamics (Chen et al.,
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2007). The air-sea CO2 fluxes on the pCO2sea variability can be estimated as the change of DIC in the MLD

(ΔDICMLD) and H2CO�
3

� �
(Sarmiento & Gruber, 2006):

ΔDICMLD ¼ ΔFCO2=MLDa=ρ0 (12)

∂DICMLD=∂ H2CO
�
3

� � ¼ 20 (13)

ΔpCO2MLD ¼ H2CO�
3

� �
=KH (14)

where H2CO�
3

� �
is the sum of the aqueous CO2 and the true carbonic acid (H2CO3), MLDa is the MLD after the

Hudhud set to 60 m. The estimated ΔDICMLD is about 0.3 μmol/kg, which decreases the pCO2sea of about
0.5 ± 0.1 μatm based on equation (9). The pCO2sea change in the MLD due to FCO2 (ΔpCO2MLD) is about
0.4 ± 0.1 μatm. In total, the effect of air-sea CO2 fluxes on the pCO2sea is about �0.9 ± 0.2 μatm (Table 2),
which is consistent with previous estimations (Chen et al., 2007; Turi et al., 2014). Therefore, the total increase
of pCO2sea generated by TC Hudhud is estimated to be about 11.7 ± 7.6 μatm, which is comparable to the
observed increase in pCO2sea of about 14.8 ± 9.7 μatm.

The pCO2sea variations derived from the change of SST, SSS, DIC, TA, and air-sea CO2 fluxes were examined
during other four TCs (i.e., TCs Five, Kyant, Vardah, and Roanu) between November 2014 and December 2016
(Table 2). Our results demonstrate that these four storms caused small SST cooling (�0.2 to �0.8 °C) during
the postmonsoon and strong SST cooling (�1.2 °C) during the premonsoon (Table 1). Overall, the TC-induced
SST cooling during the postmonsoon was much weaker than the counterpart during the premonsoon. This
indicates that the TC-induced mixing did not reduce the SST during the postmonsoon, which is consistent
with previous findings (Neetu et al., 2012; Sengupta et al., 2008). Furthermore, a wide range in increases of
pCO2sea (+1.0 to +14.8 μatm) induced by these storms occurred during the postmonsoon. By comparison,
a significant decrease of �14.0 μatm in pCO2sea was observed during the premonsoon. The Roanu-induced
SST cooling led to a decrease of�20.2 ± 6.2 μatm (Table 2), which is consistent with previous findings (Bates
et al., 1998; Huang & Imberger, 2010; Wada et al., 2011).

The above-mentioned different responses motivate us to examine the inorganic carbon conditions during
the premonsoon and postmonsoon. Figure 10 presents vertical profiles of DICs, TAs, and DIC/TA before
and after the passage of TC Hudhud at the BOBOA mooring site. The DICs, TAs, and DIC/TA were relatively
lower than the counterpart in the upper 40 m and relatively higher than the counterpart at depths between
40 and 100 m before the storm. The DIC/TA values of about 0.849 ± 0.008 in L1 and 0.896 ± 0.027 in L2 were
observed before the storm. The large ΔDIC/TA value of about 0.047 ± 0.028 corresponds to an increase of
pCO2sea of about 30 ± 15 μatm, assuming that the waters in L2 were uplifted to L1 (Goyet et al., 1993). The
intense vertical mixing induced by TC Hudhud (Figures 7 and 8) uplifted some L2 waters to the surface, which
in turn increased the pCO2sea. The ΔDIC/TA before other four TCs were also examined (Table 1). Large ΔDIC/
TA (0.042 ± 0.027 to 0.048 ± 0.027) during the postmonsoon and small ΔDIC/TA (0.003 ± 0.014) during the
premonsoon were observed. The reason for increases of pCO2sea (+1.0 to +4.0 μatm) induced by other three
storms lower than TC Hudhud during the postmonsoon is because of the weaker wind speeds during and/or
deeper MLDs before the storm (Table 1). The small ΔDIC/TA value corresponds to a limited pCO2sea increase

Table 2
The pCO2sea Variations Derived by the Change of SST, SSS, DIC, and TA Based on Equations ((8)–(11)), and Air-Sea CO2 Flux
Based on Equations ((12)–(14))

Tropical cyclone dSST dSSS dDIC dTA dFCO2 Total

Hudhud �12.8 ± 5.3 9.8 ± 1.5 77.4 ± 0.6 �61.8 ± 0.1 �0.9 ± 0.2 11.7 ± 7.6
Five �8.6 ± 4.2 2.7 ± 3.5 21.4 ± 0.2 �17.1 ± 0.0 0.0 ± 0.0 �1.6 ± 7.9
Kyant �4.7 ± 3.7 1.5 ± 0.9 11.7 ± 0.1 �9.3 ± 0.0 0.3 ± 0.0 �0.5 ± 4.6
Vardah �1.9 ± 3.1 0.1 ± 0.6 0.8 ± 0.0 �0.7 ± 0.0 �0.1 ± 0.0 �1.5 ± 3.7
Roanu �20.2 ± 6.2 9.5 ± 3.6 35.0 ± 0.3 �37.8 ± 0.1 �1.5 ± 0.3 �15.0 ± 10.4

Note. Uncertainties (±) represent 1 standard deviation. SST = sea surface temperature; TA = total alkalinity; SSS = sea sur-
face salinity; DIC = dissolved inorganic carbon.
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(Goyet et al., 1993), which in turn decreases the pCO2sea during the premonsoon. A remarkably constant
DIC/TA of about 0.85 in the surface waters of the BoB was reported by Goyet et al. (1999) and Sabine et al.
(2002). A small difference (near zero) in DIC/TA between surface waters and subsurface waters at 100 m
that was observed in the Atlantic Ocean at 66.00°W and 22.21°N (Huang & Imberger, 2010) confirmed our
analysis presented above. It should be noted that significant changes in pCO2sea of about �20 μatm,
which was induced by other two TCs (i.e., Maarhtha on 14–17 April 2017 and Mora on 27–30 May 2017)
during the premonsoon, were also estimated based on a simple calculation of the preliminary data (from
the interactive plots of https://www.pmel.noaa.gov/co2/story/BOBOA).

4.2. Effects of TCs on Local FCO2

The FCO2 enhanced by TC Hudhud was estimated to be about 18.49 ± 3.70 mmol CO2/m
2. Considering the

annual FCO2 of 55.78 ± 11.16 mmol CO2/m
2 for the BOBOA water (see section 3.1), the impact of the passage

of TC Hudhud on the local CO2 exchange was very significant. The impacts of other four TCs on the water
properties and CO2 exchange were summarized in Figure 11 and Table 1. During the postmonsoon in
November 2014, the ocean waters were close to equilibrium with a weak influx before the passage of TC
Five (Figure 11a). The small changes in SST, SSS, and FCO2 resulted from the moderate wind speeds (with
the mean of about 7.2 m/s) and relatively shallow MLD during TC Five (Table 1). In October–December
2016, the ocean waters were undersaturated with the averaged FCO2 about �0.23 and �0.82 mmol
CO2 m�2 day�1 before passages of TCs Kyant and Vardah, respectively (Figures 11b and 11c). During TC
Kyant, the wind speeds were moderate of about 8.5 m/s and the MLD was relatively deep, with a slightly
decrease in SST and slightly increase in SSS. The moderately enhanced CO2 influx (�3.86 ± 0.77 mmol
CO2/m

2) by TC Kyant was due to the combination of the wind effect during TC and wind-pump effects
after Kyant. By comparison, small changes in SST and SSS induced by TC Vardah were due to the low
SST and high SSS before Vardah, although the wind speeds (10.6 m/s) were relatively strong. A small
change in FCO2 (1.22 ± 0.24 mmol CO2/m

2) was due to the counteraction of the wind effect during
Vardah and the wind-pump effects after Vardah. It should be noted that the TC-induced FCO2 changes

Figure 10. Vertical profiles of 4-day time-mean DICs, TAs (a), and DIC/TA (b) before (4–7 October 2014) and after (12–15
October 2014) the passage of TC Hudhud at BOBOA mooring site. The concentrations of DIC and TA were derived from
the DIC-salinity and TA-salinity relationships based on 28 samples in L1 (DIC = 51.7 × salinity + 159.6, R2 = 0.96, P < 0.001;
TA = 52.6 × salinity + 454.2, R2 = 0.995, P < 0.001) and 100 samples in the depth within the layer between ILD and
500 m (DIC = 215.3 × salinity� 5322.5, R2 = 0.46, P< 0.001; TA = 82.9 × salinity� 587.9, R2 = 0.76, P< 0.001). BOBOA = Bay
of Bengal Ocean Acidification; DIC = dissolved inorganic carbon; TA = total alkalinity; TC = tropical cyclone; ILD = the depth
of the top of the thermocline.
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during the postmonsoon discussed above differ from the results reported by Levy et al. (2012), who
reported that TCs increase the CO2 influx in undersaturated areas. The average enhancement of FCO2
from four TCs during the postmonsoon was about 3.91 ± 0.78 mmol CO2/m

2 in 8 days.

During the premonsoon, the SST of about 31.4 °C and the SSS of about 32.4 were observed (Figure 11d). The
combination of low wind speeds of 4.7 ± 1.7 m/s and high ΔpCO2 of 28.0 ± 7.6 μatm resulted in a small CO2

efflux (1.27 ± 0.69 mmol CO2 m
�2 day�1). During and after TC Roanu, a significant decrease in SST and a large

increase in SSS were observed due to high wind speeds (10.5 m/s) and relatively shallow MLD (Table 1). The
averaged ΔpCO2 was decreased to 18.0 ± 2.5 and 16.8 ± 4.0 μatm, respectively, which were conditions favor-
able for the continued CO2 efflux. The FCO2 during and after TC Roanu was 3.95 ± 0.86 and 3.35 ± 0.96 mmol

Figure 11. Observed 3-hourly time series of SST, SSS, wind speed, ΔpCO2, and FCO2 before, during, and after TC (a) Five,
(b) Kyant, (c) Vardah, and (d) Roanu. SSS = sea surface salinity; SST = sea surface temperature; TC = tropical cyclone.
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CO2 m�2 day�1. The loss of CO2 from the ocean (efflux) was about
19.08 ± 3.82 mmol CO2/m

2 in 8 days. The results during Roanu differ from
the previous study in the global ocean based on a state-of-the art global
ocean biochemical model driven by 1,663 TCs (Levy et al., 2012). Levy
et al. (2012) reported that in global ocean, TCs weakly affect the CO2 efflux
in supersaturated areas (high pCO2sea). The BoB was hit by about three TCs
during the postmonsoon and one TC during the premonsoon (Neetu et al.,
2012). Extrapolating from the mean enhanced FCO2 of 3.91 ± 0.78 mmol
CO2/m

2 averaged from four TCs during the postmonsoon and of
19.08 ± 3.82 mmol CO2/m

2 by one TC during the premonsoon, the total
annual FCO2 induced by TCs was about 30.81 ± 6.16 mmol CO2/m

2. The
CO2 efflux enhanced by TCs accounted for 55 ± 23% of the annual CO2

efflux in the BoB, which is higher than the estimation of Levy et al.
(2012) but very similar to the estimations in the Sargasso Sea (55%, Bates
et al., 1998) and East China Sea (60%, Nemoto et al., 2009) during the sum-
mertime. Levy et al. (2012) estimated a contribution of 13.6% to the cyclo-
nic season influx in the BoB. This may be because the effect of TC during
the premonsoon was not considered in the estimation made by Levy
et al. (2012).

The total TC-induced CO2 efflux or influx is a function of the cyclone
strength, size, structure, and oceanic and atmosphere conditions. High
wind speeds accompanied by a TC enhance the gas transfer velocity and
then increase the FCO2. Previous studies demonstrated that the increase

in the CO2 efflux was mainly caused by the increase in wind speeds (Bates et al., 1998; Huang & Imberger,
2010; Nemoto et al., 2009) and the decrease in pCO2air (Wada et al., 2013). The CO2 efflux or influx induced
by TCs depended on the CO2 conditions at the time of the TC passage. In this study, the change of pCO2air

during all five TCs was within ±2.9 μatm, which was significantly lower than the value decreased (about
20 μatm) by typhoon Choi-wan (Wada et al., 2013). This could be because typhoon Choi-wan was about
40 km away to the mooring site, while the five TCs considered in this study were more than 183 km away
from the mooring. Our results showed that the TC-generated CO2 flux not only depended on the CO2 condi-
tions at the time of the TCs passage but also relied on the inorganic carbon conditions such as the ΔDIC/TA.

During the postmonsoon, the significantly enhanced CO2 efflux from the ocean to the atmosphere in high
pCO2sea (oversaturated) conditions can be explained by the combination of two factors: (1) positive
dpCO2sea after the TC passage due to large ΔDIC/TA (0.042–0.048) that supplies much DIC to the surface
(wind effect); and (2) strong vertical mixing and upwelling (known as the wind-pump effects) generated by
intense winds accompanied by a TC. The slightly changed FCO2 over undersaturated areas can be explained
by the counteraction of the wind effect during TC and wind-pump effects after the TC. The significantly
enhanced CO2 efflux during the premonsoon in ultrahigh pCO2sea (oversaturated) conditions was due to
the wind effect, which greatly exceeded the role of wind-pump effects.

5. Conclusions

This study examined the storm-induced changes in both the partial pressure of CO2 at the sea surface
(pCO2sea) and the air-sea CO2 flux (FCO2) during five TCs from November 2013 to January 2017 in the BoB.
Analyses of meteorological, physical, and biological data showed three different mechanisms involved in
the passage of the TC (Figure 12). The major conclusions from the present study include the following.

1. TCs with strong wind speeds (> 10 m/s) and shallow MLD (< 20 m) of the ocean before the storm tended
to increase the pCO2sea in the postmonsoon months (October–December) and to decrease the pCO2sea in
the premonsoon months (March–May).

2. The large value of ΔDIC/TA was the major cause for increases of the pCO2sea induced by TCs in the post-
monsoon months. The relatively small value of ΔDIC/TA was the major cause for the decreased pCO2sea in
the premonsoon months.

Figure 12. Conceptual diagram illustrating the mechanisms of TC-induced
pCO2sea change and CO2 exchange. The thick arrows and bold words
indicated significant responses to TC. TC = tropical cyclone; DIC = dissolved
inorganic carbon; TA = total alkalinity.
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3. In the large ΔDIC/TA of the BoB waters, TCs with strong wind speeds significantly enhanced the CO2 efflux
in oversaturated areas, because of the combination of the wind effect during the storm and wind-pump
effects after the storm (① in Figure 12). TCs slightly changed the FCO2 in undersaturated areas because of
the counteraction of these two effects (② in Figure 12).

Over waters with small ΔDIC/TA, TCs significantly enhanced the CO2 efflux in highly oversaturated conditions,
because of the wind effect greatly exceeding the role of wind-pump effects (③ in Figure 12). In addition to
the TC’s intensity and CO2 conditions when TC passage, the TC-generated FCO2 is affected by the inorganic
carbon conditions such as the ΔDIC/TA.

4. Extrapolating from five TCs between November 2013 and January 2017, TCs in the BoB were estimated to
contribute to a CO2 efflux of 30.81±6.16 mmol CO2/m

2. Our assumption is that TCs account for 55 ± 23%
of the FCO2 over the BoB.
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