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Abstract

The Bermuda Testbed Mooring (BTM) and Bay of Bengal Ocean Acidification (BOBOA)
mooring measurements were used to identify changes in the partial pressure of CO, at the
sea surface (pCOzse5) and air-sea CO, fluxes (Fcop) associated with passage of two tropi-
cal cyclones (TCs), Florence and Hudhud. TC Florence passed about 165 km off the BTM
mooring site with strong wind speeds of 24.8 m s™' and translation speed of 7.23ms™". TC
Hudhud passed about 178 km off the BOBOA mooring site with wind speeds of 14.0m s™
and translation speed of 2.58 m s™'. The present study examined the effect of temperature,
salinity, dissolved inorganic carbon (DIC), total alkalinity (TA), air-sea CO, flux, and phyto-
plankton chlorophyll a change on pCO.,, as a response to TCs. Enhanced mixed layer
depths were observed due to TCs-induced vertical mixing at both mooring sites. Decreased
pPCOssea (—15.1645.60 patm) at the BTM mooring site and enhanced pCOoge, (14.81

+7.03 patm) at the BOBOA mooring site were observed after the passage of Florence and
Hudhud, respectively. Both DIC and TA are strongly correlated with salinity in the upper
layer of the isothermal layer depth (ILD). Strong (weak) vertical gradient in salinity is accom-
panied by strong (weak) vertical gradients in DIC and TA. Strong vertical salinity gradient in
the upper layer of the ILD (0.031 psu m™), that supply much salinity, dissolved inorganic
carbon and total alkalinity from the thermocline was the cause of the increased pCOoge, iN
the BOBOA mooring water. Weak vertical salinity gradient in the upper layer of the ILD
(0.003 psu m™') was responsible for decreasing pCO.gea in the BTM mooring water. The
results of this study showed that the vertical salinity gradient in the upper layer of the ILD is a
good indicator of the pCOyg¢e4 Variation after the passages of TCs.

Introduction

Anthropogenic CO, emissions play an important role in global climate change. About 30% of
the anthropogenic CO, has been stored in the ocean [1]. The concentration of CO, in oceanic
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water is under strong influence of the air-sea CO, flux (Fco,) through the water surface [2].
The direction of CO, gas exchange is governed by the difference between the partial pressure
of CO, in seawater (pCO,.,) and the atmosphere boundary layer (pCO,,;,), while the magni-
tude of CO, gas exchange is mainly regulated by the sea surface wind speed [3]. In comparison
with the small variation of pCO,,;, [4], the variation of pCO,., plays a crucial role in deter-
mining the direction of CO, gas exchange due to its sensitivity to episodic events, such as trop-
ical cyclones (also called hurricanes and typhoons), vertical mixing, heavy precipitation, algae
blooms, etc. [5-7].

Each year tropical cyclones (TCs) visit both the subtropical North Atlantic Ocean and the
Bay of Bengal (BoB)-a semienclosed sea in the north Indian Ocean. TCs were found to have
much influence on the marine environment, such as cooling of sea surface temperature (SST)
[8-9], increase of dissolved oxygen concentration [10-11] and increase of chlorophyll a (Chla)
concentration both at the surface and subsurface [9, 12-13] due to the ‘wind-pump’ effects
induced by TCs [13-15]. The amplitude of the surface cooling strongly depends on the initial
upper-ocean conditions such as mixed layer depth (MLD) and stratification in the thermocline
along with intensity and translation speed of TC [8, 16-17]. Earlier studies using moored buoy
measurements and model outputs have proven that the passage of a TC can cause strong posi-
tive value of Fo, that is a net transfer of CO, from the ocean to the atmosphere or efflux [5,
18-22]. However, most of the estimations of TC-induced Fco, have been based on empirical
assumptions: Bates et al. (1998) [5] assumed that the pCO ., remained constant during the
TC and Perrie et al. (2004) [18] assumed that the pCO,,., increased linearly and remained con-
stant during the TC passage. Apparently, these assumptions were unreasonable because the
variations of pCOg, should reflect the vertical mixing of the water column [21].

Distributions of pCO,., depend strongly on the temperature, dissolved inorganic carbon
(DIC), total alkalinity (TA) and salinity [23]. Vertical mixing and upwelling associated with TC
‘wind-pump’ effects decrease the SST which in turn decrease the pCOse, by 0.0423°C™" [23].
Such SST cooling was the dominant cause of the decrease of pCO,., during TCs Felix and
Frances in the Atlantic Ocean [5, 21] and three TCs in the East China Sea [20]. On the other
hand, TC-induced vertical mixing and upwelling can increase the pCOy, by the uplifting to the
surface of deep water rich in DIC (i.e. CO,, HCO; and CO?{). The increase of DIC was the
dominant cause of the increase of pCO,s., during TC Choi-Wan in the northwest Pacific Ocean
[22] and tropical depression and TC Wautip in the South China Sea [6-7]. After the passage of
typhoon Wautip in the South China Sea, the enhanced pCO,., was observed in the cyclonic eddy
water due to the enriched DIC and decreased pCO,q., Was observed in the anticyclonic eddy
water due to the decreased SST [7]. In addition to TC intensity and translation speed, the effect
of a TC on pCOy, is determined by the vertical profiles of the ocean water properties [21].

To reveal the mechanisms responsible for the TC impact on the pCO,., in different water
properties, the present study investigates the pCO ., response to TC Florence (September
2006) in the North Atlantic Ocean and Hudhud (October 2014) in the BoB using autonomous
pCO, observations. We summarize how the vertical salinity distributions affect the pCO ., in
response to TCs. This study is a continuation of our previous study [14], and the first compara-
tive study of TCs impact on the pCO ., variation in different water properties, which gives a
consistent explanation for the pCO ., response to TCs in two cases.

Data and methods
Field measurements

Atmospheric pCO, at ~ 1.5 m above the surface and surface seawater pCO,, SST and sea sur-
face salinity (SSS) at ~ 0.5 m depth have been collected from two open ocean mooring buoys,
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the Bermuda Testbed Mooring (BTM) at 31.72°N, 64.19°W and Bay of Bengal Ocean Acidifi-
cation (BOBOA) mooring at 15°N, 90°E (https://www.pmel.noaa.gov/) (Fig 1). BTM mooring
is located ~80 km southeast of Bermuda in the North Atlantic which experiences five TCs each
year [24]. BOBOA mooring is located in a region of the tropical BoB with strong ocean-atmo-
sphere interactions that also experiences four TCs every year [25]. A Moored Autonomous
pCO, (MAPCO,) system was deployed on both buoys. Previous study described the MAPCO,
system, data reduction and processing and the uncertainty of each parameter, and provided a
data set of 3-hourly pCO,geq, PCOsair, SST and SSS [4]. The total uncertainty of the MAPCO,
is < 2 patm for pCO,q, and < 1 patm for pCOyy, [4].

In order to quantify the effects of TCs on the pCO,., and Fcop,, the vertical profiles of in
situ hydrographical parameters were examined. At the BTM mooring site, the vertical profiles
of temperature, salinity, DIC, TA and Chla were observed from the Bermuda Atlantic Time-
series Study (BATS) site (http://bats.bios.edu/) on 6 and 15 September 2006. Shipboard mea-
surements of temperature, salinity, DIC, TA and Chla were collected at depths of about 3, 20,
40, 60, 80, 100, 120, 140, 160 and 200 m in the upper ocean on 6 September 2006. On 15 Sep-
tember 2006, measurements of temperature and salinity were collected at 3, 10, 20, 30, 50, 80,
103 and 122 m depths, while Chla was collected at 3, 30, 50, 80 103 and 122 m depths. At the
BOBOA mooring site, the observations of hourly temperature and salinity data at depths of 1,
5, 10, 20, 40, 60, 80, 100, 120, 140, 160, 180 m were collected from the Research Moored Array
for African-Asian-Australian Monsoon Analysis and Prediction (RAMA) in the BoB (https://
www.pmel.noaa.gov/gtmba/) [26].

Tropical cyclone and satellite data

The 6-hourly central locations of TCs were derived from the best-track data of the Joint
Typhoon Warning Center (weather.unisys.com/hurricane/). During the mooring observation
periods of October 2005-October 2007 at the BTM and November 2013-January 2017 at the
BOBOA mooring site, only TC Florence and Hudhud respectively have passed the two moor-
ings within 200 km. The center of TC Florence was about 165 km away from the BTM moor-
ing site on 11 September 2006 (Fig 1A) and TC Hudhud was about 178 km to the south of the
BOBOA mooring site on 9 October 2014 (Fig 1B).

Atmosphere and ocean surface conditions at the mooring buoys before, during and after
the passage of TC Hudhud and Florence were determined from four different remote sensed
products. The products include: the 6 hourly, 25 km, cross-calibrated multiplatform (CCMP)
ocean surface winds from the National Aeronautics and Space Administration (NASA) [27];
the daily, 25 km, rainfall from the Tropical Rainfall Measuring Mission (https://disc2.gesdisc.
eosdis.nasa.gov/data/TRMM_L3/); the daily, 1 km, NASA Multi-Sensor Merged Ultrahigh
Resolution (MUR) SST (http://data.nodc.noaa.gov/ghrsst/L4/GLOB/JPL/); the daily, 4 km,
Aqua Moderate Resolution Imaging Spectroradiometer (MODIS-Aqua) from the NASA
Ocean Color (https://oceancolor.gsfc.nasa.gov/cgi/l3). These remote sensing data were used
for analysis of pCOye, and Fco, variation. MATLAB 2018a software with m_map package
was used to process and visualize all the data in this study.

Computational analysis

In the present study, the translation speeds of a TC were estimated from time-varying posi-
tions of its center. To define the initial upper ocean states, MLD and isothermal layer depth
(ILD) of the water were investigated. The MLD is defined as the depth at which density
exceeds 0.2 kg m™> from its surface value [28]. The ILD is defined as the depth at which tem-
perature decreases by 1°C from the SST [29]. To remove the temperature effect on the pCO,gea,
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Fig 1. Research area. (a) The North Atlantic Ocean, track of tropical cyclone (TC) Florence, and the Bermuda Testbed Mooring (BTM) mooring at 64.2°W and 31.7°N
(black triangle). (b) The Bay of Bengal (BoB), track of TC Hudhud, and the Bay of Bengal Ocean Acidification (BOBOA) mooring at 90°E and 15°N (black triangle).
Shading in the Fig 1A and 1B shows wind speeds at 1200Z UTC on 11 September 2006 and 0600Z UTC on 10 October 2014, respectively. The TC intensity is marked by
color dots (yellow: tropical storm; red: TC 1; pink: TC 2 and white: TC 3), and the size of the dots increases for colors from yellow to white. The red squares in Fig 1B
show the World Ocean Circulation Experiment cruise sample stations which were conducted on October 1995.

https://doi.org/10.1371/journal.pone.0226189.9001

temperature-normalized pCO e (NPCO, Trean) is calculated as follows [30]:

0.0423(SST ean—SST) ( 1 )

NpCO = pCO,,,, X exp

2,Tmean 2sea

where, SST ean is 26.84°C and 28.86°C, the mean temperature during the study period, for TC
Florence on 6-17 September 2006 and Hudhud on 4-15 October 2014, respectively.

The Fco, (mmol CO, m™2 d™) is often calculated using the bulk equation as follows:

Fooy =k X Ky % (pCO,,,, — pCO,,,) (2)

Where, k is the gas transfer velocity of CO, (cm h™), Ky is CO, the solubility of surface seawa-
ter (mol L™ atm™) calculated according to Weiss (1974) [31]. The direction of Fco, is deter-
mined by the partial pressure difference, pCO55.a—pCO2,ir (ApCO,, patm).

The transfer velocity, k, is frequently parameterized as a function of wind speed at 10 m
height (u;0, m s). The recently updated relationship [3] was used in this study to calculate k:

k = 0.251u,,%(S./660) (3)

where, S, is the Schmidt number calculated according to well established methodology [3].
The total uncertainty of Fco, is 20% which is determined mostly by the uncertainty of k [14].

To explore the effect of vertical mixing on the variation of pCO,., through these factors,
the most widely used equation [23] were used:

dpCO, = (8pCO,/dT)dT + (3pCO,/dDIC)dDIC

+(dpCO,/ITA)dTA + (9pCO,/dS)dS @

where T and S denote SST and SSS respectively. The effects of each factor on the pCOy, can
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be determined from the seawater CO, thermodynamics relationships as:

(8pCO, /dT) /pCO, = 0.0423°C"! (5)
(8pCO, /dDIC)(DIC/pCO,) = 8 (6)
(9pCO, /OTA)(TA/pCO,) = —7.4 (7)

(9pCO,/8S)(S/pCO,) = 0.93 (8)

Results
Tropical Cyclone Florence

Observations of wind speed, SST, SSS, and pCO,. Florence was a Category 1 cyclone
according to the Saffir-Simpson hurricane scale (Fig 1A). It moved northwestward after its
generation and then headed northeastward on 11 September 2006. The center of Florence was
about 165 km to the west of the BTM mooring site at 1200Z UTC on 11 September 2006 with
a translation speed of 7.23 m s™'. Before Florence’s passage on 6-9 September 2006, the CCMP
wind speeds at the BTM mooring site were weak with the four-day averaged value of 5.00+1.29
m s~ (one standard deviation, hereafter the same) (Fig 2A). The wind speeds sharply increased
to 24.8 m s on 11 September with the four-day averaged value of 11.53+5.75 m s™* during
Florence’s passage on 10-13 September. The wind speeds then gradually decreased to light
wind (4.66+1.89 m s™') after Florence’s passage on 14-17 September.

The SST at the BTM mooring site was usually high (> 27.5°C) with the four-day average
value of 27.58+0.13°C before Florence’s passage (Fig 2B). Significant SST cooling was observed
during (26.57+0.66°C) and after (26.37+0.18°C) Florence’s passage (Table 1). The SSS before,
during and after the TC was low and constant (36.61+0.06 psu), except for minor fluctuation
on 10-11 September which was mainly due to the precipitation and high wind speeds accom-
panied by the storm.

The BTM moored buoy data revealed strong temporal variations in pCO,., (400.96
+9.56 patm) and weak temporal variations in pCO,,;, (361.08+1.81 patm) with the passage of
TC Florence (Fig 2C). The pCO,¢, gradually decreased from 409.44+3.34 before to 399.16
+11.19 patm during and 394.28+4.50 patm after Florence’s passage (Table 1). Similarly, the
ApCO, decreased with time (Fig 2D). The sudden rise in pCO,¢., on 11 September is consis-
tent with the onset of entrainment into the mixed layer of water with high pCO,., [22]. The
NpCO, Tmean (400.88+5.18 patm) remained almost constant during the time period except for
a sudden increase on 11 September. Slight decrease of NpCO, 1ean mainly due to the CO,
outgassing was observed during the Florence passage. After Florence’s passage, the NpCO,,
Tmean Was about 5 patm higher than before. This suggested that slightly high carbon-rich water
were mixed to the surface due to TC-induced vertical mixing.

The positive ApCO, over the entire observation time indicated CO, flux from the ocean to
the atmosphere. The averaged Fco, of 2.89+1.72 mmol CO, m™ d™! was observed before Flor-
ence’s passage (Fig 2D). Extremely high Fco, (38.79 mmol CO, m~2d™!) was observed on 11
September due to the highest wind speeds. The Fco, decreased abruptly to near zero as the
wind speeds weakened to the pre-storm values. The Fco, enhancement caused by Florence
during the study period was about 57.62 +11.52 mmol CO, m™>.

Satellite-Derived precipitation, SST, and Chla. In addition to the strong wind speeds,
Florence also brought a large amount of precipitation (150 mm d') along the storm path dur-
ing the TC’s passage. Before Florence’s passage, there was scarce precipitation over the most of
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Fig 2. Three-hourly observations during Florence’s passage on 6-17 September 2006 at the BTM mooring site. (a) The CCMP wind
speeds at 10 m height. (b) Sea surface temperature (SST) and sea surface salinity (SSS) at 0.5 m depth, (c) PCO,,;, at 0.5 m height, pCO,, at
0.5 m depth and NpCO; tean- (d) ApCO; and Fcop.

https://doi.org/10.1371/journal.pone.0226189.9002

the North Atlantic Ocean (Fig 3A), except for intense precipitation (about 70 mm d™") over
the northwestern and southeastern area. At the BTM mooring site, the precipitation increased
from almost zero before to 24.5 mm d™' during Florence’s passage (Fig 3B), as reflected by the
freshening of the sea surface water at ~ 0.5 m (Table 1). Although the precipitation showed
spatial variability on 14-17 September, scarce precipitation occurred at the BTM mooring site
(Fig 3C).

The MUR SST images showed sea surface cooling after Florence’s passage (Fig 3D, 3E and
3F). The North Atlantic Ocean was dominated by high SST water (>29°C) before Florence’s
passage, except for the low SST (<25°C) over the north of the Gulf Stream. During and after
Florence’s passage, a low SST patch (~25°C) appeared to the right side of TC’s path, especially
near the Bermuda Island (Fig 3E and 3F). At the BTM mooring site, the SST value decreased
from 28.9°C to 27.4°C, with a cooling of 1.5°C, which coincided well with in situ observations.

The sea surface MODIS-Aqua Chla concentrations were slightly enhanced during the Flor-
ence period. Significant low Chla concentration (< 0.05 mg m ™) occurred over the central
North Atlantic Ocean and high Chla in the coastal and northern areas (Fig 3G). At the BTM
mooring site, the Chla concentration increased from 0.04 mg m™ before to 0.06 mg m™> dur-
ing and after Florence’s passage (Fig 3H and 3I). The high Chla concentration patch (~ 0.15
mg m™>) at 65°W and 31°N was very well matched with the SST cooling patch.

Vertical distributions of temperature, salinity, DIC, TA and Chla. Before Florence’s
passage on 6 September 2006, a BATS cruise was conducted at 31.64°N, 64.19°E, quite close to
the BTM mooring site. The vertical distributions of temperature and salinity indicated that the
MLD and ILD were 39.7 m (Fig 4A, red line). Weak vertical salinity gradient of 0.003 psu m™"
was observed in the upper 39.7 m (note the small salinity scale in Fig 4A). After Florence’s pas-
sage on 15 September 2006, the MLD increased to 50.2 m based on another BATS cruise
which was conducted at 31.67°N, 64.15°E. The deepened MLD suggested strong vertical mix-
ing generated by Florence in the top 50.2 m depth. The observed temperature decrease in the
top 30 m and increase in the subsurface layer at 30-60 m, combined with increased salinity in
the top 20 m and decreased salinity at 20-60 m depth, suggested that the 39.7 m depth water
was mixed to the surface due to the vertical mixing.

Prior to the storm on 6 September, the vertical profiles of DIC and TA indicated that the
DIC (2054.6%3.2 umol kg™") and TA (2389.7+0.8 umol kg ') in the upper mixed layer of 39.7
m were almost constant (Fig 4B). The DIC linearly increased from 2057.3 umol kg™ at the sea

Table 1. Statistics of water properties, pCO, and CO, fluxes (meantstandard deviation) before, during and after the passages of tropical cyclone Florence at the

BTM and Hudhud at the BOBOA mooring site.

Before
During
After

Before
During
After

https://doi.org/10.1371/journal.pone.0226189.t001

Date

6-9 Sep
10-13 Sep
14-17 Sep

4-7 Oct
8-11 Oct
12-15 Oct

SST (°C) SSS (psu) pCOye, (atm) pCO2,ir (patm) Fcoz (mmol CO, m™2d™)
Hurricane Florence (September 2006)
27.58+0.13 36.65+0.04 409.44+3.34 361.18+0.80 2.89+1.72
26.57+0.66 36.59+0.08 399.16+11.19 359.52+1.70 16.34+16.23
26.37+0.18 36.58+0.04 394.28+4.50 362.54+1.34 3.84+2.47
Tropical Cyclone Hudhud (October 2014)
29.35+0.17 32.2740.08 379.71+3.93 371.62+2.39 0.19+0.21
28.60+0.27 32.84+0.43 388.12+7.94 374.3247.52 4.76+2.72
28.64+0.28 33.16+0.09 394.52+5.83 375.10£1.53 1.15+1.34
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mooring site.

https://doi.org/10.1371/journal.pone.0226189.9g003

surface to 2074 pmol kg ™' at 39.7 m depth. The TA increased from 2390.3 umol kg™" at the sea
surface to 2402 umol kg ™' at 39.7 m and linearly decreased to 2393.1 umol kg ™" at 200 m after
it reached maximum value of 2407.3 umol kg ™" at 60.9 m depth. The vertical DIC gradient of
0.53 umol kg™ m™" was higher than the vertical TA gradient of 0.34 umol kg™' m™" in the
mixed layer. Based on the MATLAB CO2SYS version 1.1 program [32], the pCO,., was about
423.56 patm which was about 13 patm higher than the in situ pCOx, of 410.74 patm. This dif-
ference might be due to the depth of in situ pCOy, (0.5 m) that was shallower than that of cal-
culated pCOy, (3 m). Unfortunately, DIC and TA were not measured in the cruise after
Florence’s passage on 15 September.
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Fig 4. Vertical distributions of (a) temperature (squares) and salinity (triangles), (b) DIC (squares) and TA (triangles), and (c) Chla (triangles) before (red solid line) on
6 September 2006 and after (blue dashed line) Florence’s passage on 15 September 2006 based on two BATS cruises (http://bats.bios.edu/) which were quite close to the
BTM mooring site.

https://doi.org/10.1371/journal.pone.0226189.9004

Vertical profiles of Chla concentrations indicated that Chla concentration was low in the
surface water at about 3 m depth (0.04 mg m™) and in the top 40 m (< 0.07 mg m ) before
Florence’s passage on 6 September (Fig 4C). The weak subsurface chlorophyll maximum
(0.235 mg m ™) was observed at 78 m depth. After Florence’s passage on 15 September, surface
Chla concentration at about 3 m depth slightly increased to 0.047 mg m™ which was matched
well with the MODIS-Aqua result.

Tropical Cyclone Hudhud

Observations of wind speed, SST, SSS, and pCO,. Hudhud was a Category 4 cyclone
(Fig 1B). It was about 178 km to the BOBOA mooring site at 0000Z UTC on 9 October with a
translation speed of 2.58 m s™' and it moved northwestward before its landfall on 10 October
2014. Before Hudhud’s passage on 4-7 October 2014, the CCMP wind speeds at the BOBOA
mooring site were weak with the four-day averaged value of 4.21 ms™" (Fig 5A). The high
wind speeds of 11.70 m s™' were observed during Hudhud’s intrusion on 8-11 October. The
wind speeds weakened to 5.64 m s~ after Hudhud’s passage on 12-15 October.

Before Hudhud’s arrival, the BOBOA mooring site was characterized by warm SST (29.35
+0.17°C) (Fig 5B). The SST decreased to 28.60+0.27°C and 28.64+0.28°C during and after
Hudhud’s passage respectively, with maximum reduction (> 1°C) on 11-12 October
(Table 1). Prior to Hudhud, the SSS was generally low (<32.4 psu) and remained constant
(32.2740.08 psu) (Fig 5B). The SSS rapidly increased to > 33 psu on 9 October at 1517 UTC,
which suggested that subsurface salty waters were mixed or uplifted to the surface.

The pCO,, at the BOBOA mooring site showed strong temporal variation (387.45
+8.60 patm) during the study period (Fig 5C). Meanwhile, the pCO,,;, showed weak temporal
variation (373.68+2.27 patm). Four days before TC Hudhud, the pCO,., ranged from 370 to
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Fig 5. Three-hourly during the Hudhud’s passage on 4-15 October 2014 at the BOBOA mooring site. (a) The CCMP wind speeds at 10 m height. (b)
Sea surface temperature (SST) and sea surface salinity (SSS) at 0.5 m depth. (c) PCO,y;, at 0.5 m height, pCO,g, at 0.5 m depth and NpCO, rmean- (d)
ApCO, and Fcop.

https://doi.org/10.1371/journal.pone.0226189.9005

385 patm with the exception of high pCO ., values ~ 390 patm around noon local time on 6
October. The pCO,., increased to 388.12+7.94 patm and 394.52+5.83 patm during and after
Hudhud’s passage, respectively. Similarly, the ApCO, increased with time. Compared with TC
Florence, the NpCO, tyean changes during Hudhud’s passage showed different variation. It
sharply increased from lower than the pCO,., before the Hudhud to about 9.5 patm higher
than the pCO,q, on 11 October during the TC passage. After Hudhud’s passage, the NpCO,,
Tmean Was about 27.32 patm higher than before. These changes suggested that carbon-rich
waters were mixed to the surface. The NpCO; tmean gradually decreased to the same value as
the pCO,., after 14 October, suggesting an occurrence of biological DIC consumption.

Generally, the pCO,., was oversaturated with respect to the atmosphere with the averaged
Fco, value of 0.19+0.21 mmol CO, m > d™* before Hudhud’s passage (Fig 5D). The Fco, sud-
denly increased to 5.26 mmol CO, m > d™" on 9 October due to the high wind speeds. The
four-day averaged Fco, gradually decreased from 4.76+2.72 mmol CO, m™ d”" during to 1.15
+1.34 mmol CO, m™2 d! after the storm.

Satellite-Derived precipitation, SST, and Chla. Before Hudhud’s passage, scarce precipi-
tation occurred over the most area of the BoB area (Fig 6A), except for some precipitation
(about 50 mm d™') over the southeastern area of the BoB. During the storm on 8-11 October,
extremely heavy precipitation (150 mm d™') along the storm path was brought by Hudhud
(Fig 6B). At the BOBOA mooring site, the precipitation slightly increased from 8.5 mm d™"
before to 16.3 mm d™' during Hudhud’s passage. There was scarce precipitation (< 1 mm d™")
after Hudhud’s passage (Fig 6C).

The SST averaged on 4-7 October suggested that high SST (> 29°C) prevailed in the whole
BoB under the condition of no TC (Fig 6D). During Hudhud’s passage, the decreasing ten-
dency of SST was evident in the TC generation area (Fig 6E). After Hudhud’s passage, a low
SST patch appeared along the TC path centered at 86°E, 16°N (Fig 6F) under the maximum
intensity and slow translation speed. The Hudhud-induced SST cooling was about 1°C at the
BOBOA mooring site, which coincided well with in situ observations.

Before Hudhud’s passage, the seven-day averaged Chla concentrations showed low values
(< 0.2 mg m™) over the most BoB open ocean (Fig 6G). Unfortunately due to the cloud cover-
age during Hudhud’s passage, no valid data could be obtained to derive Chla images at the
BOBOA mooring site (Fig 6H). The sea surface Chla concentrations were significantly
enhanced (from < 0.2 to 0.5-4.0 mg m ™) after Hudhud’s passage along the storm path (Fig
61). It should be noted that the patch of enhanced Chla concentration approximately matched
with the low SST patch. At the BOBOA mooring site, the Chla concentration increased from
0.16 mg m™> before Hudhud's passage on 7 October to 0.25 mg m > after Hudhud's passage on
14 October.

Vertical distributions of temperature and salinity. The vertical distributions of four-day
averaged (4-7, 8-11 and 12-15 October 2014) temperature and salinity indicated strong verti-
cal mixing in the top 60 m (Fig 7A). The MLD was 20 m before the storm and increased to 40
m after the storm and the ILD deepened from 60 m to 80 m. The mean salinity in the top 40 m
was increased from 32.58 psu before to 33.08 psu after Hudhud‘s passage. Strong vertical salin-
ity gradient of 0.031 psu m ™' was observed in the upper 60 m. The decreased temperature in
the top 40 m and increased temperature in the subsurface layer at 40-80 m, combined with the
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Fig 6. Satellite images of four-day averaged (a-c) precipitation (mm d™); (d-f) sea surface temperature (SST,°C), and (g-i) surface chlorophyll a (Chla, mg m™) before
(left panel), during (middle panel) and after (right panel) Hudhud’s passage over the Bay of Bengal on 4-15 October 2014. Black triangles indicate the BOBOA mooring
site. The Chla concentrations before, during and after Hudhud’s passage were averaged from 1-7, 8-11 and 12-16 October 2014, respectively.

https://doi.org/10.1371/journal.pone.0226189.9g006

increased salinity in the top 38 m and decreased salinity at 38-100 m depth suggested that the
60 m depth water was mixed to the surface due to the vertical mixing.

Discussion

The pCO e, is primarily a function of temperature, DIC, TA and salinity. DIC variability is
controlled by vertical entrainment, phytoplankton photosynthesis, precipitation and air-sea
CO, exchange processes in the open ocean. Due to TC “wind-pump” effects, cold and CO,-
rich subsurface waters are upwelled and mixed with the surface water, which in turn can
decrease [5, 20-21] or increase [6-7] the surface pCO,.,, deepening on whether cooling or
carbon enrichment dominates carbonate chemistry. Biological production dominated the
decreasing pCO ., in the sea east of Sri Lanka during summer monsoon [33]. Furthermore,
the sea surface chemical dilution by heavy precipitation can decrease the pCO e, [6, 34].
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Fig 7. Vertical distributions of (a) four-day averaged temperature (squares) and salinity (triangles), and (b) DIC and TA before (4-7 October 2014, red solid line) and
after (12-15 October 2014, blue dashed line) Hudhud’s passage at the BOBOA mooring site. The DIC and TA concentrations were derived from the DIC-salinity
(DIC = 51.725 x salinity + 159.61, R* = 0.959, P<0.001) and TA-salinity (TA = 52.558 x salinity + 454.16, R* = 0.995, P<0.001) relationships in the upper layer of the
ILD, and DIC-TA (DIC = 2.9649 x TA- 4638.7, R* = 0.784, P<0.001) and TA-salinity relationships (TA = 82.862 x salinity- 587.86, R?=0.763, P<0.001) in the layer
between ILD and the depth at which temperature decreases by 3°C from the SST.

https://doi.org/10.1371/journal.pone.0226189.9007

Decreased pCO,,., due to weak vertical salinity gradient

The four-day averaged pCO ., values at the BTM mooring site were lower during (10.28
+11.68 patm) and after (15.16+5.60 patm) Florence’s passage than before the TC (409.44

+3.34 patm; Fig 2C). The Fco, caused by Florence was 57.62+11.52 mmol CO, m ™. Given the
annual CO, influx of about 815+251 to 1295+294 mmol CO, m 2 in the North Atlantic near
Bermuda [19], the impact of Florence’s passage on the local CO, exchange was very significant.
Based on the MODIS-Aqua images and in situ measurements, Chla concentration slightly
increased from 0.04 mg m™> before to 0.06 and to 0.06/0.047 mg m™> during/after Florence’s
passage, respectively (Figs 3G, 3H, 31 and 4C). This small increase in Chla concentration indi-
cates a negligible effect of the phytoplankton photosynthesis on pCOq.,. The lack of biological
drawdown was also manifested by the NpCO, tyean> Which was always higher than the pCO,ge,
after Florence’s passage.
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The vertical mixing changed the temperature, DIC, TA and salinity in the surface water,
which subsequently changed the pCO,¢.,. As shown in Figs 2B, 3D, 3E and 3F, Florence rap-
idly decreased the SST by 1.21+0.22°C. Using Eq (5), the SST cooling caused a decrease of
20.93+3.81 patm on pCO,., (Table 2). Due to the weak vertical salinity gradient in the upper
layer of the ILD (0.003 psu m™') and moderate precipitation (24.5 mm d') on 10-13 Septem-
ber 2006 (Fig 3B), the effect of SSS on pCO ., was slight, causing a decrease of 0.73+0.62 patm
calculated by Eq (8).

The CO, efflux takes away the gaseous CO, from the ocean which decreases the concentra-
tion of H,CO3, HCO; and CO; (DIC) through the thermodynamic equilibrium. The pCOx,
variation due to the gas exchange of CO, can be estimated by the change of DIC in the mixed
layer and the sum of the aqueous CO, and H,CO; [14, 35]. Assuming the MLD of 50.2 m after
TC Florence, the pCO,, variation induced by the Fq, is about -3.42+0.39 patm (Table 2),
which is consistent with previous studies [36-37].

The changes of DIC and TA concentration were derived from two BATS cruises which
were conducted around the BTM mooring site. Considering the precipitation of about 98 mm
(4 dayx24.5 mm d") during the storm and the MLD of 50.2 m after the storm, the SSS after
the storm of 36.58 psu on 14-17 September (Table 1) equals to the value of 36.65 psu without
the precipitation. The estimated SSS of 36.65 psu coincided with the actual SSS of 36.66 psu on
15 September (Fig 4A). Given the salinity of 36.56 psu in the mixed layer and 36.68 psu at 39.7
m depth before the storm on 6 September, three parts of the 39.7 m depth water were mixed
with one part of the surface mixed layer water (assuming horizontal processes are negligible).
Consequently, the concentration of DIC and TA at the sea surface would have been increased
from 2057.3 and 2390.3 umol kg ™' to 2065.1 and 2394.3 umol kg ", respectively. Using Eqs (6)
and (7), the increased DIC and TA lead to 12.41 and -5.06 patm changes in pCO ., respec-
tively. These changes are smaller than those induced by cooling (-20.93+3.81 patm), but larger
than those due to SSS dilution (-0.73+0.62patm) and Fco, changes (-3.42+0.39 patm). The
total decrease of pCO ., generated by TC Florence is estimated to be about 17.73+3.88 patm
(Table 2). This estimated decrease is comparable to the observed decrease in pCO,., by about
15.16£5.60 patm. The ratio of DIC to TA (DIC/TA) slightly increased from 0.860 in the mixed
layer to 0.863 below the ILD layer. The small DIC/TA difference corresponds to a pCOx4e
decrease of 15.16+5.60 patm which agrees well with our previous study [14].

Regional regressions of DIC-salinity and TA-salinity were derived with the BATS bottle
samples. For the upper layer of the ILD during the hurricane season on June-October [38], a
moderate significant relationship between DIC and salinity based on 360 samples was derived
(DIC = salinity x 55.8 + 0.5; R* = 0.37, P<0.001) (Fig 8A). After adjusting DIC to the year
2016 using the long-term increasing nDIC (normalized to a salinity of 36.6) rate of 0.86
+0.11 umol kg ™' year™! [39], a significant relationship between DIC and salinity was observed
(DIC = salinity x 59.477-121.07 (+9.38); R? = 0.549, P<0.001). Similarly, the TA-salinity rela-
tionship based on 284 samples yielded a statistically significant regression (TA = salinity x
63.561 + 65.036 (+5.66); R = 0.794, P<0.001) (Fig 8B). Highly correlated relationships were
also observed between TA and salinity in the mixed layer and below mixed layer at the BATS
site over a small salinity range of 36.2-36.9 [40]. As the DIC and TA were highly correlated
with salinity, the weak vertical gradient in DIC and TA was mainly due to the weak vertical
salinity gradient.

Enhanced pCO,,,, due to strong vertical salinity gradient

After Hudhud’s passage, the four-day averaged pCO e, value at the BOBOA mooring site was
about 14.81+7.03 patm higher than before the storm (Fig 5C). As part of the upper 60 m waters
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Table 2. Summary of changes (meantstandard deviation) in pCO,, due to changes in SST, SSS, DIC, TA, Fco, and dChla between before and after TC’s passage.

Tropical Cyclone | In-situ pCO,q, change dSST dSsS dDIC dTA dFcoz dChla Total®
Florence -15.16£5.60 -20.93£3.81 -0.73+£0.62 12.41 -5.06 -3.42+0.39 Negligible -17.73£3.88
Hudhud 14.81+7.03 -11.65%£5.30 9.75£1.31 81.39+3.87 -49.26%0.55 -1.69+0.24 Significant decrease 28.54+6.72

*The total effect is calculated from dSST, dSSS, dDIC, dTA and dF¢cp.

https://doi.org/10.1371/journal.pone.0226189.t002

were uplifted to the surface at the BOBOA mooring site where the subsurface chlorophyll max-
imum (~ 2 mg m™) was located at about 45-55 m before the TC [9], high Chla concentration
occurred in the sea surface waters. The increase of Chla concentration was mainly due to the
upwelling (positive Ekman pumping velocity of Fig 4A in Xu et al, (2019) [11]) of high phyto-
plankton concentrations from the subsurface water to the surface [17]. The strong increase of
Chla concentration is indicative of significant biological production, which results in pCO .,
decrease in this case. The biological production also manifests itself by the NpCO, 1yean Which
was gradually decreased from 410.52 patm on 11 October to 390.54 patm on 15 October (Fig
5C).

As shown in Figs 5B, 6D, 6E and 6F, Hudhud quickly decreased the SST by 0.71+0.33°C.
Using Eq (5), the SST cooling caused a change of —-11.65+5.30 patm in pCO,g.,. Due to the
strong vertical salinity gradient in the upper layer of the ILD (0.031 psu m™"), the SSS signifi-
cantly increased to 33.16+0.09 psu, which caused an increase of 9.75+1.31 patm in pCO e,
(Table 2).

The Fco, enhanced by TC Hudhud was estimated to be about 22.15+4.43 mmol CO, m~,
which was higher than the value of 18.49+3.70 mmol CO, m™> estimated by previous study
[14]. This difference was due to RAMA in situ winds used in the previous study [14], while
CCMP winds were used in this study. Considering the annual Fcg, of 55.78+11.16 mmol CO,
m? for the BOBOA water [14], the impact of Hudhud’s passage on the local CO, exchange
was very significant. Assuming the MLD of 40 m after TC Hudhud, the effect of air-sea CO,
fluxes on the pCO,, variation is about —1.69+0.24 patm.
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Fig 8. Linear regressions among DIC, TA and salinity around the BTM mooring site. (a) DIC and salinity. (b) TA and salinity. The black circles and red triangles in
Fig 8A represent original DIC values and DIC adjusted to the year 2016 using the long-term increasing nDIC rate (0.86+0.11 pmol kg™" year™'). The data were collected
from the upper layer of the isothermal layer depth at the Bermuda Atlantic Time-series Study (BATS) site (http://bats.bios.edu/).

https://doi.org/10.1371/journal.pone.0226189.9008
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To estimate the effects of DIC and TA changes on the pCO,., variation at the BOBOA
mooring site, regional relationships between salinity and DIC and TA were derived using a
World Ocean Circulation Experiment (WOCE) cruise samples (http://cchdo.ucsd.edu/). Sig-
nificant relationships between salinity and DIC (DIC = salinity x 51.725 + 159.61 (£9.25); R*=
0.959, P<0.001) and TA (TA = Salinity x 52.558 + 454.16 (+3.19), R? = 0.995, P<0.001) were
derived in the upper layer of ILD between 10-18°N and 87-93°E (Fig 9). In the layer between
ILD and 500 m, the significant relationship between salinity and TA (T A = 82.862 x Salinity
— 587.86 (+£10.56), R* = 0.763, P<0.001), and significant relationship between TA and DIC
(DIC = 2.9649 x TA- 4638.7 (+35.30), R* = 0.784, P<0.001) were also derived. Using these
relationships (shown also in Fig 9) and considering that salinity increased from 32.19 psu at
the sea surface to 34.04 psu at 60 m depth, DIC was estimated to be about 1824.64+9.25 and
1981.21+35.30 umol kg ™" and the TA, about 2146.00+3.19 and 2232.76+10.56 umol kg™ before
the storm (Fig 7B). Strong vertical DIC and TA gradients of 2.61 pmol kg ™' m ™" and 1.45 pmol
kg™ m" in the upper layer of the ILD were observed, respectively.

As TC Hudhud mixed well the water in the top 60 m, DIC and TA in the sea surface would
increase to 1873.49+36.49 and 2183.59+11.03 umol kg ™', respectively. The increased DIC and
TA lead to 81.39+3.87 and -49.26+0.55 patm changes in pCO,.,, respectively. Therefore, the
total effects of DIC and TA on the pCO,, enhancement were about 32.13+3.91 patm, which
was larger than the effect of SST on the pCO ., decrease 11.65+5.30 patm. The total increase
of pCO,¢., generated by Hudhud is estimated to be about 28.54+6.72 patm (Table 2). Consid-
ering the phytoplankton photosynthesis processes may decrease the pCO,q, by 9.5 patm
which was estimated from the NpCO, Teans this likely leads to the observed increase in
PCOs¢e, 0f 14.8147.03 patm.

At the BTM mooring site, the decreased pCO,., after TC Florence was due to the weak ver-
tical salinity gradient in the upper layer of the ILD (0.003 psu m™'). The effects of DIC and TA
on the pCO,,., enhancement were far lower than the effect of temperature on the pCO,,
decrease. At the BOBOA mooring site, the increased pCO ., after TC Hudhud was mainly
due to the strong vertical salinity gradient in the upper layer of the ILD (0.031 psu m™") that
determined the supply of much salinity, DIC and TA from the thermocline. This salinity
related increase in pCO,g., basically compensated for the contribution of SST decrease. As
both DIC and TA are strongly correlated with salinity, and the strong (weak) vertical gradient
in salinity is accompanied by the strong (weak) vertical gradients in DIC and TA, we propose
that the magnitude of the vertical salinity gradient in the upper layer is a good indicator of the
PCOs¢e, variation after the passage of TC. Compared with the explanation of pCO,., variation
after TC’s passage by vertical differences in DIC/TA in the upper layer [14], our new approach
is simpler and more accessible because salinity is easier to obtain than DIC and TA. Other
studies support our hypothesis. Under the impact of typhoon Wutip, significant increase of
PCOssea (~ 20 patm) was observed in the South China Sea where the vertical salinity gradient
in the upper layer of the ILD (~0.03 psu m™') was strong (Fig 6B in Ye et al, (2017) [7]). Mean-
while, decreased pCO,., (25.6 patm) after Hurricane Frances was reported in the Atlantic
Ocean at 66°W, 22.21°N where the vertical salinity gradient in the upper layer of the ILD
(< 0.01 psum™) was weak (Fig 2B in Huang and Imberger, (2010) [21]).

Conclusions

The present study examined various contributing factors that induced the change of pCO .,
following TCs “wind-pump” over the North Atlantic Ocean (Florence, 3-12 September 2006)
and BoB (Hudhud, 8-11 October 2014) using mooring buoy measurements. Significantly
decreased pCO,., after Florence’s passage and increased pCO ., after Hudhud’s passage were
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Fig 9. Linear regressions among DIC, TA and salinity around the BOBOA mooring site. (a) DIC and salinity, DIC and TA. (b) TA and salinity. Red squares and blue
triangles represent samples collected from the upper layer of the isothermal layer depth (ILD) and the layer between ILD and 500 m depth, respectively. Samples were

collected from the red squares as shown in Fig 1B

https://doi.org/10.1371/journal.pone.0226189.9009

. The data were collected during a WOCE cruise in October 1995 (http://cchdo.ucsd.edu/).

observed. The analysis showed that the waters below the ILD were uplifted to the surface
through TC-“wind-pump” induced vertical mixing in both cases. The impacts of phytoplank-
ton photosynthesis processes on the pCO ., variation depended on the intensity and depth of
the subsurface chlorophyll maximum, and the impacts of air-sea CO, fluxes on the pCO e,
variation were relatively low. In situ measurements showed that DIC and TA are strongly cor-
related with salinity in the upper layer of the ILD during the tropical cyclone season in the
North Atlantic Ocean and BoB. The magnitude of the vertical gradient in DIC and TA can be
estimated by the magnitude of the vertical salinity gradient. The decreased pCO ., Was mainly
due to the weak vertical salinity gradient in the upper layer of the ILD. The contribution of the
temperature cooling on the pCO,., decrease exceeded the joint contribution of the DIC and
TA enhancement on the pCO ., increase. While the increased pCO,q., was mainly due to the
strong vertical salinity gradient in the upper layer of the ILD that supply much salinity, DIC
and TA, which together exceeded the contribution of the temperature decrease. Therefore, in
addition to the TC intensity and translation speed, the responses of pCO ., to TCs are differ-
ent due to the preexisting upper ocean states, including the vertical profiles of DIC, TA, tem-
perature and salinity. This study highlights that the magnitude of the vertical salinity gradient
in the upper layer of the ILD is a good quantitative indicator in controlling the pCO e,
variation.

Acknowledgments

The authors thank the GTMBA Project Office of NOAA/PMEL (https://www.pmel.noaa.gov/)
and the BATS team (http://bats.bios.edu/) for provision of the data. We are grateful to the
anonymous reviewers for their helpful comments.

Author Contributions
Conceptualization: Haijun Ye, Ying Li.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226189 March 24, 2020

17/20


http://bats.bios.edu/
http://cchdo.ucsd.edu/
https://doi.org/10.1371/journal.pone.0226189.g009
https://doi.org/10.1371/journal.pone.0226189

PLOS ONE

Variation of pCO, concentrations induced by tropical cyclones in the oceans

Data curation: Haijun Ye, Sufeng Wang, Yupeng Liu, Ying Li, Shilin Tang.

Funding acquisition: Haijun Ye, Danling Tang, Shilin Tang.

Methodology: Haijun Ye, Sufeng Wang, Yupeng Liu.

Supervision: Danling Tang.

Validation: Haijun Ye.

Writing - original draft: Haijun Ye.

Writing - review & editing: Evgeny Morozov, Danling Tang.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Feely RA, Sabine CL, Lee K, Berelson W, Kleypas J, Fabry VJ, et al. Impact of anthropogenic CO, on
the CaCOg system in the oceans. Science. 2004; 305(5682): 362—366. https://doi.org/10.1126/
science.1097329 PMID: 15256664

Takahashi T, Sutherland SC, Wanninkhof R, Sweeney C, Feely RA, Chipman DW, et al. Climatological
mean and decadal change in surface Ocean pCO,, and net sea-air CO, flux over the global oceans.
Deep Sea Res. 2009; 56: 554-557. https://doi.org/10.1016/j.dsr2.2008.12.009

Wanninkhof R. Relationship between wind speed and gas exchange over the ocean revisited. Limnol-
ogy Oceano. 2014; 12: 351-362. https://doi.org/10.4319/lom.2014.12.351

Sutton AJ, Sabine CL, Maenner S, Lawrence N, Meinig C, Feely RA, et al. A high-frequency atmo-
spheric and seawater pCO, data set from 14 open-ocean sites using a moored autonomous system.
Earth Syst Sci Data. 2014; 6(2): 353—366. https://doi.org/10.5194/essd-6-353-2014

Bates NR, Knap AH, Michaels AF. Contribution of hurricanes to local and global estimates of air-sea
exchange of CO,. Nature. 1998; 395(6697): 58—61. https://doi.org/10.1038/25703

Sun QY, Tang DL, Legendre L, Shi P. Enhanced sea-air CO, exchange influenced by a tropical depres-
sion in the South China Sea. J Geophys Res. 2014; 119: 6792-6804/ https://doi.org/10.1002/
2014JC010131

Ye HJ, Sheng JY, Tang DL, Eko S, Kalhoro MA, Su Y. Storm-induced changes in pCO, at the sea sur-
face over the northern South China Sea during Typhoon Wutip. J Geophys Res. 2017; 122: 4761—
4778. https://doi.org/10.1002/2016JC012643

Price JF. Upper ocean response to a hurricane. J Phy Oceanogr. 1981; 11(2): 153—175. https://doi.org/
10.1175/1520-0485(1981)011

Chacko N. Chlorophyll bloom in response to tropical cyclone Hudhud in the Bay of Bengal: Bio-Argo
subsurface observations. Deep Sea Res |. 2017; 124: 66—72. https://doi.org/10.1016/j.dsr.2017.04.010

Lin JR, Tang DL, Alpers W, Wang SF. Response of dissolved oxygen and related marine ecological
parameters to a tropical cyclone in the South China Sea. Adv Space Res. 2014; 53(7): 1081-1091.

Xu HB, Tang DL, Sheng JY, Liu YP, Sui Y. Study of dissolved oxygen responses to tropical cyclones in
the Bay of Bengal based on Argo and satellite observations. Sci Total Environ. 2019; 659: 912-922.
https://doi.org/10.1016/j.scitotenv.2018.12.384 PMID: 31096421

Ye HJ, Kalhoro MA, Sun J, Tang DL. Chlorophyll blooms induced by tropical cyclone Vardah in the Bay
of Bengal. Indian J Geo-Marine Sci. 2018; 47(07): 1383—1390.

Ye HJ, Sui Y, Tang DL, Afanasyev Y. A subsurface chlorophyll a bloom induced by Typhoon in the
South China Sea. J Mar Syst. 2013; 128: 138—-145. https://doi.org/10.1016/j.jmarsys.2013.04.010

Ye HJ, Sheng JY, Tang DL, Morozov E, Kalhoro MA, Wang SF., et al. Examining the impact of tropical
cyclones on air-sea CO, exchanges in the Bay of Bengal based on satellite data and in-situ observa-
tions. J Geophys Res. 2018; 124: 555-576. https://doi.org/10.1029/2018JC014533

Sheng JY, Zhai X, Greatbatch RJ. Numerical study of the storm-induced circulation on the Scotian
Shelf during Hurricane Juan using a nested-grid ocean model. Prog Oceanog. 2006; 70(2): 233—254.
https://doi.org/10.1016/j.pocean.2005.07.007

Mei W, Lien CC, Lin Il, Xie SP. Tropical cyclone-induced ocean response: A comparative study of the
South China Sea and tropical Northwest Pacific J Clim. 2015; 28(15): 5952-5968. https://doi.org/10.
1175/JCLI-D-14-00651.1

Zhao H, Wang Y. Phytoplankton Increases Induced by Tropical Cyclones in the South China Sea Dur-
ing 1998-2015. J Geophys Res. 2018; 123(4): 2903-2920.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226189 March 24, 2020 18/20


https://doi.org/10.1126/science.1097329
https://doi.org/10.1126/science.1097329
http://www.ncbi.nlm.nih.gov/pubmed/15256664
https://doi.org/10.1016/j.dsr2.2008.12.009
https://doi.org/10.4319/lom.2014.12.351
https://doi.org/10.5194/essd-6-353-2014
https://doi.org/10.1038/25703
https://doi.org/10.1002/2014JC010131
https://doi.org/10.1002/2014JC010131
https://doi.org/10.1002/2016JC012643
https://doi.org/10.1175/1520-0485(1981)011
https://doi.org/10.1175/1520-0485(1981)011
https://doi.org/10.1016/j.dsr.2017.04.010
https://doi.org/10.1016/j.scitotenv.2018.12.384
http://www.ncbi.nlm.nih.gov/pubmed/31096421
https://doi.org/10.1016/j.jmarsys.2013.04.010
https://doi.org/10.1029/2018JC014533
https://doi.org/10.1016/j.pocean.2005.07.007
https://doi.org/10.1175/JCLI-D-14-00651.1
https://doi.org/10.1175/JCLI-D-14-00651.1
https://doi.org/10.1371/journal.pone.0226189

PLOS ONE

Variation of pCO, concentrations induced by tropical cyclones in the oceans

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

Perrie W, Zhang W, Ren X, Long Z, Hare J. The role of midlatitude storms on air-sea exchange of CO,.
Geophys Res Lett. 2004; 31(9): L09306. https://doi.org/10.1029/2003GL019212

Bates NR. Interannual variability of the oceanic CO; sink in the subtropical gyre of the North Atlantic
Ocean over the last 2 decades. J Geophys Res. 2007; 112: C09013. https://doi.org/10.1029/
2006JC003759

Nemoto K, Midorikawa T, Wada A, Ogawa K, Takatani S, Kimoto H, et al. Continuous observations of
atmospheric and oceanic CO, using a moored buoy in the East China Sea: Variations during the pas-
sage of typhoons. Deep Sea Res. 2009; 56(8—10): 542-553. https://doi.org/10.1016/j.dsr2.2008.12.
015

Huang P, Imberger J. Variation of pCO, in ocean surface water in response to the passage of a hurri-
cane. J Geophys Res. 2010); 115: C10024. https://doi.org/10.1029/2010JC006185

Bond NA, Cronin MF, Sabine C, Kawai Y, Ichikawa H, Freitag P, et al. Upper ocean response to
Typhoon Choi-Wan as measured by the Kuroshio Extension Observatory mooring. J Geophys Res.
2011; 116: C02031. https://doi.org/10.1029/2010JC006548

Takahashi T, Olafsson J, Goddard JG, Chipman DW, Sutherland SC. Seasonal-variation of CO, and
nutrients in the highlatitude surface oceans-A comparative-study. Global Biogeochem Cycles. 1993; 7
(4): 843-878. https://doi.org/10.1029/93GB02263

Elsner JB, Kara AB, Owens MA. Fluctuations in North Atlantic hurricane frequency. J Climate. 1999; 12
(2): 427-437.

Neetu S, Lengaigne M, Vincent EM, Vialard J, Madec G, Samson G, et al. Influence of upper-ocean
stratification on tropical cyclone-induced surface cooling in the Bay of Bengal. J Geophys Res. 2012;
117: C12020. https://doi.org/10.1029/2012JC008433.

McPhaden MJ, Meyers G, Ando K, Masumoto Y, Murty VSN, Ravichandran M, et al. RAMA: The
research moored array for African—Asian—Australian Monsoon analysis and prediction. Bull Am
Meteorol Soc. 2009; 90(4): 459-480.

Atlas R, Hoffman RN, Ardizzone J, Leidner SM, Jusem JC, Smith DK, et al. A cross-calibrated, multi-
platform ocean surface wind velocity product for meteorological and oceanographic applications. Bull.
Am Meteorol Soc. 2011; 92: 157-174. https://doi.org/10.1175/2010BAMS2946.1

Prasanna Kumar S, Muraleedharan PM, Prasad TG, Gauns M, Ramiah N, De Souza SN, et al. Why
Bay of Bengal is less productive than the Arabian Sea during summer monsoon? Geophys Res Lett.
2002; 29(24): 2235. https://doi.org/10.1029/2002GL016013

Rao RR, Sivakumar R. Seasonal variability of sea surface salinity and salt budget of the mixed layer of
the north Indian Ocean. J Geophys Res. 2003; 108(C1): 3009. https://doi.org/10.1029/2001JC000907

Takahashi T, Sutherland SC, Sweeney C, Poisson A, Metzl N, Tilbrook B, et al. Global sea-air CO, flux
based on climatological surface ocean pCO,, and seasonal biological and temperature effects. Deep
Sea Res. 2002; 49(9-10): 1601-1622. https://doi.org/10.1016/S0967-0645(02)00003-6

Weiss RF. Carbon dioxide in water and seawater: the solubility of a non-ideal gas. Mar chem. 1974; 2
(3): 203—215. https://doi.org/10.1016/0304-4203(74)90015-2

van Heuven S, Pierrot D, Rae JWB, Lewis E, and Wallace DWR. MATLAB program developed for CO2
system calculations, ORNL/CDIAC-105b, Carbon Dioxide Inf. Anal. Cent., Oak Ridge Natl. Lab., US
DOE, Oak Ridge, Tenn; 2011.

Chakraborty K., Valsala V, Gupta GVM, Sarma VVSS. Dominant biological control over upwelling on
pCO, in sea east of Sri Lanka. J Geophys Res 2018; 123: 3250-3261. https://doi.org/10.1029/
2018JG004446,

Turi G, Lachkar Z, Gruber N. Spatiotemporal variability and drivers of pCO2 and air-sea CO5 fluxes in
the California Current System: An eddy-resolving modeling study. Biogeosciences. 2014; 11(3): 671—
690. https://doi.org/10.5194/bg-11-671-2014

Sarmiento JL, Gruber N. Ocean Biogeochemical Dynamics. Princeton; 2006.

Chen FZ, Cai WJ, Benitez-Nelson C, Wang Y.C. Sea surface pCO,-SST relationships across a cold-
core cyclonic eddy: Implications for understanding regional variability and air-sea gas exchange. Geo-
phys Res Lett. 2007; 34: L10603. https://doi.org/10.1029/2006GL028058

Turk D, Zappa CJ, Meinen CS, Christian JR, Ho DT, Dickson AG, et al. Rain impacts on CO, exchange
in the western equatorial Pacific Ocean. Geophys Res Lett. 2010; 37: L23610. https://doi.org/10.1029/
2010GL045520

Webster PJ. Holland GJ. Curry JA. Change, HR. Changes in tropical cyclone number, duration, and
intensity in a warming environment. Science. 2005; 309: 1844—1846. https://doi.org/10.1126/science.
1116448 PMID: 16166514

PLOS ONE | https://doi.org/10.1371/journal.pone.0226189 March 24, 2020 19/20


https://doi.org/10.1029/2003GL019212
https://doi.org/10.1029/2006JC003759
https://doi.org/10.1029/2006JC003759
https://doi.org/10.1016/j.dsr2.2008.12.015
https://doi.org/10.1016/j.dsr2.2008.12.015
https://doi.org/10.1029/2010JC006185
https://doi.org/10.1029/2010JC006548
https://doi.org/10.1029/93GB02263
https://doi.org/10.1029/2012JC008433
https://doi.org/10.1175/2010BAMS2946.1
https://doi.org/10.1029/2002GL016013
https://doi.org/10.1029/2001JC000907
https://doi.org/10.1016/S0967-0645(02)00003-6
https://doi.org/10.1016/0304-4203(74)90015-2
https://doi.org/10.1029/2018JG004446
https://doi.org/10.1029/2018JG004446
https://doi.org/10.5194/bg-11-671-2014
https://doi.org/10.1029/2006GL028058
https://doi.org/10.1029/2010GL045520
https://doi.org/10.1029/2010GL045520
https://doi.org/10.1126/science.1116448
https://doi.org/10.1126/science.1116448
http://www.ncbi.nlm.nih.gov/pubmed/16166514
https://doi.org/10.1371/journal.pone.0226189

PLOS ONE Variation of pCO, concentrations induced by tropical cyclones in the oceans

39. Bates NR. Interannual variability of the oceanic CO. sink in the subtropical gyre of the North Atlantic
Ocean over the last 2 decades. J. Geophys. Res. 2007; 112, C09013. https://doi.org/10.1029/
2006JC003759

40. Bates NR. Michaels AF. Knap AH. Seasonal and interannual variability of oceanic carbon dioxide spe-
cies at the US JGOFS Bermuda Atlantic Time-series Study (BATS) site. Deep Sea Res. 1996; 43(2-3):
347-383.

PLOS ONE | https://doi.org/10.1371/journal.pone.0226189 March 24, 2020 20/20


https://doi.org/10.1029/2006JC003759
https://doi.org/10.1029/2006JC003759
https://doi.org/10.1371/journal.pone.0226189

