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Abstract Ship measurements made 2 days after the passage of a tropical depression (TD) in the South
China Sea (SCS, April 2011) showed two contrasted responses of the partial pressure of CO2 at sea surface
(pCO2,sw). In low sea-surface salinity (SSS) water, pCO2,sw was low (349 6 7 latm), and the area was a car-
bon sink (24.7 6 1.8 mmol CO2 m22 d21), whereas in water with high SSS and chlorophyll a and low dis-
solved oxygen and sea surface temperature, pCO2,sw was higher than for normal SCS water (376 6 8
versus 362 6 4 latm) and the area was a carbon source (1.2 6 3.1 mmol CO2 m22 d21). Satellite data
showed two large areas of low SSS before the TD, which were likely influenced by rainfall, and these areas
were considered to have low pCO2,sw because of their low SSS. The high pCO2,sw after the TD is explained
by the uplifting to the surface of deeper and CO2-rich water, due to winds accompanied by the TD. The
difference in sea-air CO2 flux between the TD-affected area and the lower-SSS water was 1.99 1 4.70 5

6.7 mmol CO2 m22 d21, indicating a 100% change caused by the TD compared to the average seasonal
value in spring in southern SCS (3.3 6 0.3 mmol CO2 m22 d21). Undersaturation of CO2 prior to the TD
due to dilution by freshwater and the preexisting cold eddy, and slow translation speed of the TD, are
considered to account for the CO2 flux change.

1. Introduction

Numerous observations and investigations conducted on weekly to interannual time scales have shown
that the global ocean acts as a sink of anthropogenic carbon dioxide (CO2) [Takahashi et al., 1993, 2002;
Bates, 2007; Wanninkhof et al., 2007; Zhai et al., 2013]. The partial pressure of CO2 in surface water of the
ocean (pCO2,sw), which is a crucial factor in sea-air exchange of CO2 and transfer of carbon from surface to
deep waters by the three ocean carbon pumps (solubility, carbonate, and soft-tissue or organic or biologi-
cal [Volk and Hoffert, 1985]), seems to be sensitive to episodic events, such as tropical cyclones (also called
typhoons, hurricanes, and storms), frontal and eddy-driven upwelling and mixing. Tropical cyclones have
great influence on marine ecosystems, such as cooling of sea surface temperature (SST) [Price, 1981; Bond
et al., 2011; Zhao et al., 2009], increased dissolved oxygen [Lin et al., 2014], enhanced phytoplankton
blooms [Zhao et al., 2009; Hung et al., 2010; Chung et al., 2012; Ye et al., 2013], higher export of particulate
organic carbon out of the euphotic zone [Hung et al., 2010; Chen et al., 2013; Shih et al., 2013], and
increased phytoplankton biomass [Chung et al., 2012; Tsuchiya et al., 2014] and fish abundance [Yu et al.,
2013, 2014]. An early study [Bates et al., 1998] found that cooling of SST resulting from tropical cyclone
had great impact on pCO2,sw and other processes, e.g., upward mixing and entrainment of deep water
rich in dissolved inorganic carbon (DIC, i.e., CO2, HCO2

3 , and CO22
3 ). Similarly, the enhanced biological

activity (e.g., respiration and photosynthesis) associated with tropical cyclone greatly influences pCO2,sw

[Borges and Frankignoulle, 2001; Perrie et al., 2004; Huang and Imberger, 2010; Bond et al., 2011; Mahadevan
et al., 2011; Wada et al., 2011]. The presence of cold (cyclonic) or warm (anticyclonic) eddies seems to
decrease or increase pCO2,sw, respectively, which reflects vertical mixing and the effect of temperature on
pCO2,sw [Hood et al., 2001; Chen et al., 2007]. The sea-air exchange of CO2, is also believed to be greatly
affected by tropical cyclones both locally [Bates et al., 1998; Perrie et al., 2004; Nemoto et al., 2009] and
globally [Levy et al., 2012].

Key Points:
� Surface water diluted by heavy rain

had low pCO2,sw

� Passage of a tropical depression led
to high pCO2,sw by eddy-driven
uplifting
� The depression turned local water

from a carbon sink to a source
temporarily
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Different processes may alter the
upper-ocean environment through
their combined effects. For exam-
ple, the passage of a tropical
cyclone is accompanied by strong
winds that may cause Ekman
pumping divergence, which may
strengthen an already existing
eddy-driven upwelling [Large and
Crawford, 1995; Obata et al., 1996],
and preexistence of an eddy modi-
fies physical condition in the upper
ocean, which influences the extent
of its response to a tropical
cyclone [Zheng et al., 2008; Liu
et al., 2009]. Responses of pCO2,sw

and sea-air CO2 exchange to such
concurrent events are not well
studied. The present work exam-
ines changes in pCO2,sw and the
sea-air CO2 flux caused by the pas-
sage of a tropical depression (TD)
in an area of the South China Sea
where a cold eddy preexisted and
there was strong rainfall. The
objective is to characterize the
roles of concurrent episodic events,
i.e., the passage of a TD, eddy-

driven uplifting, and freshwater from rain, on the local exchange of CO2 between the atmosphere
and the ocean.

2. Data and Methods

2.1. In Situ Data Sets and Satellite Products
2.1.1. Tropical Depression Data
Our study was conducted in South China Sea (SCS, Figure 1a). Tropical Depression ONE, the object of the
present study, was classified as a TD according to the Saffir-Simpson hurricane wind scale. It originated at
00 UTC on 2 April 2011 at 9.3�N, 111.3�E, and traveled slowly until it died out at 06 UTC on 3 April at 9.1�N,
111.7�E (black line in Figure 1b). The TD lasted a total of about 30 h, and the maximum wind speed was
�15.5 m s21 at both 12 and 18 UTC on 2 April. The depression moved slowly, and its maximum translation
speed was 1.63 m s21.

The TD data used in this study correspond to the best-track data of the U.S. Joint Typhoon Warning Centre
(JTWC, http://www.usno.navy.mil/JTWC/). The best-track data include the location and intensity (i.e., maxi-
mum 1 min mean sustained 10 m wind speed) of the TD center at 6 h intervals, the wind radius, and the
radii of specified winds (i.e., 17, 25, 33, and 51 m s21) for the four quadrants.

2.1.2. Satellite Products
Ocean surface conditions and physical processes before, during, and after the TD passage were determined
from remotely sensed products. Data were averaged weekly from 24 to 30 March 2011 (pre-TD), 31 March
2011 to 6 April 2011 (during-TD), and 7 to 13 April 2011 (after-TD) and daily from 1 March 2011 to 30 April
2011. The products include: optimally interpolated SST and sea surface wind velocity and direction (�10 m
above the sea surface) of ASCAT from remote sensing systems (http://www.remss.com/); rainfall from Tropi-
cal Rainfall Measuring Mission (TRMM); merged sea level anomaly (SLA), produced and distributed by
Archiving, Validation and Interpretation of Satellite Oceanographic data (AVSIO, http://www.aviso.oceanobs.

Figure 1. (a) Location of the study area in South China Sea. The red box identifies
the enlarged area in Figure 1b, and the black line indicates the ship’s track (the
pink part within the red box corresponds to the data track in Figure 1b). (b) Area
where data and samples were obtained from the ship between 4 and 6 April
2011. The ship track extends from 13�N to 7�N; red circles: sites of XBT casts;
thick black line: tropical depression (TD) track. The base map shows SST on 4
April 2011.
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com/); and 10 day composite sea surface salinity (SSS), from the ‘‘Centre Aval de Traitement des Donn�ees
SMOS’’ (CATDS). The spatial resolution of these satellite products was 25 km, except for the SST (9 km).

2.1.3. Ship-Collected Data
We participated in a research cruise organized by the South China Sea Institute of Oceanology, Chinese
Academy of Sciences in the SCS and the East Indian Ocean from 30 March 2011 to 18 May 2011. For the
present study, we focus on the data collected about 2 days after the passage of the TD, from 4 to 6 April,
i.e., from 7.0�N to 13�N (Figure 1b). The pCO2,sw was determined using an automated flowing pCO2 meas-
uring system (GO8050, General Oceanics Inc., USA), which is widely used on ships and on a variety of at-sea
platforms for measuring pCO2,sw [Zhai et al., 2005; Pierrot et al., 2009]. The standard error between measured
values and standard gases was <1%.

During the entire cruise, seawater was pumped from a bow intake located �5 m below the sea surface: SST
and SSS were measured and recorded every 5 s with a SEACAT CTD (SBE21, Sea-Bird Co.), the percent satu-
ration of dissolved oxygen (DO) and chlorophyll a (Chla) concentration was measured and recorded every 3
min with a Yellow Springs Instrument (YSI6600), and pCO2,sw (previous paragraph) was measured during
70 s/record; the SST, SSS, and pCO2,sw records were averaged over 3 min. Using the same GO8050 as for
pCO2,sw, the concentration of atmospheric pCO2 (pCO2,air) was measured every 2 h on air pumped from a
bow intake located at the prow �10 m above the water surface; after removing water vapor, it was cor-
rected to 100% humidity at in situ SST and SSS for the sea-air flux estimation. Depth profiles of temperature
were obtained with Expendable Bathythermographs (XBT), which were dropped every 50 km along the
ship’s track (Figure 1b, red dots). Current speed and directions of each layer (8 m apart; first depth: 22 m)
down to 500 m were obtained using an Acoustic Doppler Current Profiler (ADCP).

2.2. Calculations
2.2.1. Mixed Layer Depth and Ekman Pumping Velocity
Mixed layer depth (MLD) was estimated from the XBTs temperature profiles. The MLD was defined as the
depth where the temperature was 0.5�C lower than the mean value in the upper 10 m of the water column
[Obata et al., 1996].

Wind stress curl (s) and Ekman pumping velocity (EPV) were calculated with daily satellite wind data as fol-
lows [Price, 1981]:

s5qa � Cd � u2
10 (1)

EPV52Curlz

�
s

f � qx

�
(2)

where qw is the density of seawater (1020 kg m23), f is the Coriolis parameter, qa is the density of air
(1.25 kg m23), Cd is the drag coefficient (2.6 3 1023), and u10 is the wind speed 10 m above the sea level.

2.2.2. Character of the Cold-Core Eddy
The center of the cold eddy was identified by searching for the local SLA minimum. The closed contour of
SLA 5 25 cm around the eddy center defined the eddy edge, and the moving speed of the eddy was the
rate at which the eddy center traveled [Hu et al., 2011; Zhou et al., 2013].

Eddy kinetic energy (EKE) was estimated as one half the sum of the squared eddy velocity components

EKE50:5 u21v2
� �

(3)

where u and v are the zonal and meridian geostrophic velocity components, with positive values directed
eastward (x) and northward (y), respectively, which were calculated from the SLA gradients as

u52
g
f
@ SLAð Þ
@y

; v5
g
f
@ SLAð Þ
@x

(4)

where g is the gravitational acceleration.

2.2.3. Sea-Air CO2 Flux Estimation
The net sea-air CO2 flux (F) was estimated using the sea-air pCO2 difference and the sea-air gas transfer rate
[Liss, 1973]:
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F5k � KH � ðpCO2;sw2pCO2;airÞ (5)

where k is the gas exchange coefficient and KH is the solubility of CO2 in seawater [Weiss, 1974]. Wannink-
hof’s equation was used to compute k [Wanninkhof, 1992]:

k5fc � u2
10 � ðSc=660Þ20:5 (6)

where fc is a proportional coefficient (0.39 used in the present study), u10 is the wind speed 10 m above sea
level, and Sc is the Schmidt number for CO2 in seawater. Hence, positive F corresponds to a flux from ocean
to atmosphere and negative F to a flux from atmosphere to ocean, indicating that the ocean is a sea-air
CO2 source or sink, respectively.

3. Results

3.1. Shipboard-Measured pCO2,sw and Other Characteristics
3.1.1. Sea-Surface Physical and Biogeochemical Observations
Using the sea-surface variables measured from the ship on 4 and 5 April, two clusters of dots with extreme
characteristics could be identified on the SST-SSS and pCO2,sw-SSS scatter diagrams (Figures 3a and 3b; cor-
responding latitudes from Figure 2a): W1 (‘‘W’’ for water mass), with very low SSS (<32.8), low pCO2,sw

(<368 latm), and high SST (>26.5�C) from 10.96�N to 12.98�N, and W3, with relatively high SSS (>33.1),
pCO2,sw (>366 latm), and low SST (<25.5�C) from 9.67�N to 10.50�N. The characteristics of the other two
water masses (W2 and W4) were distributed linearly between the two extreme clusters (Figures 3a and 3b
and Table 1), and their latitudes were 10.50–10.96�N and 7.00–9.67�N, respectively. The highest pCO2,sw,
SSS, and Chla, and lowest SST and DO occurred in W3 at �10.2�N (Figures 2b–2d). The SST-SSS,
pCO2,sw-SSS, pCO2,sw-DO, and pCO2,sw-Chla diagrams of the four water masses (Figure 3) showed that in W1

Figure 2. (a) Spatial distribution of the four water masses along the ship track: W1, W2, W3, and W4 (same color code as in Figure 3). Latitu-
dinal variations of continuous shipboard measurements: (b) pCO2,sw, pCO2,air, and sea-air CO2 flux, (c) SST and SSS, and (d) DO and Chla.
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(blue dots), SSS was strongly correlated with SST (r 5 10.86, N 5 216, p <0.001), and pCO2,sw was strongly
correlated with both SSS and DO (r 5 10.71 and 10.57, N 5 173 and 123, p <0.001 and 0.001, respectively)
and only weakly correlated with Chla (r 5 20.23, N 5 123, p 5 0.013). In W3 (red dots), SSS was strongly cor-
related with SST (r 5 20.61, p< 0.001), and pCO2,sw was strongly correlated with both SSS and DO (r 5 0.72
and 20.88, N 5 95 and 95, p< 0.001 and 0.001, respectively) and not correlated with Chla (r 5 0.02, N 5 95,
p 5 0.85).

3.1.2. Vertical Changes in Isotherm Depths and Currents Along the Ship Track
Variations in the depths of isotherms (Figure 4a, based on XBTs) show that the mean MLD (Table 1) was
deepest in W1 (41 6 7 m), shallowest in W3 (25 6 3 m), and intermediate in W2 and W4 (34 6 18 and
36 6 5 m, respectively). There were two domes of isotherms, i.e., one centered on 11.57�N (W1) with MLD
of 32 m and the other on 10.52�N (W2–W3) with MLD of 22 m. Temperatures in the W1 and W3 areas
were lower than elsewhere at all depths down to 80 m, especially at 10.20�N, and the 25�C isotherm in
the W3 area reached the sea surface up from a depth of �40 m. Changes in current directions at depth
suggested rotating movements in two zones: a small one in the center of the W1 area (�11.6�N; see the
currents at 54 and 70 m), and a larger one in the W3 area (�10.3�N; see the currents at 102, 118, 134, and
150 m (Figure 4b).

Figure 3. Scatter diagrams of variables determined in surface water: (a) SST versus SSS, (b) SSS versus pCO2,sw, (c) DO versus pCO2,sw, and
(d) Chla versus pCO2,sw. The blue, black, red, and green dots correspond to water masses W1, W2, W3, and W4, respectively.

Table 1. Temporal and Spatial Distributions and Characteristics (Mean 6 Standard Deviation) of the Four Water Masses

Water
Mass Sampling Dates

Location
(�N)

Sample
Size

MLD
(m)

SST
(�C) SSS

DO
(%)

Chla
(mg L21)

pCO2,sw

(matm)
Sea-Air CO2 Flux

(mmol CO2 m22 d21)

W1 4 Apr 2011, 12:50–5 Apr 2011, 02:33 10.96–12.98 216 41 6 6 26.7 6 0.3 32.13 6 0.16 99 6 0 0.2 6 0.1 349 6 7 24.7 6 1.8
W2 4 Apr 2011, 02:34–5 Apr 2011, 05:23 10.50–10.96 54 34 6 18 25.8 6 0.3 32.73 6 0.23 97 6 1 0.7 6 0.2 376 6 6 22. 7 6 1.3
W3 5 Apr 2011, 05:25–5 Apr 2011, 11:02 9.67–10.50 95 25 6 3 25.0 6 0.2 33.38 6 0.09 95 6 2 1.1 6 0.2 376 6 8 1.2 6 3.1
W4 5 Apr 2011, 11:03–6 Apr 2011, 02:25 7.00–9.67 300 36 6 5 26.3 6 0.5 33.16 6 0.14 99 6 1 0.4 6 0.3 362 6 4 22.0 6 1.0
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3.2. Changes in the Upper Ocean in
Relation With TD Characteristics From
Space
3.2.1. Wind, Rain, and SST Before, Dur-
ing, and After the TD
One week composite satellite images cor-
responding to before, during, and after
the passage of the TD show a clear wind
vortex during the passage of the TD, and
corresponding higher EPV relative to
before or after TD passage (Figure 5a).
Based on the daily wind images (not
shown), the maximum wind speed
and EPV reached 11.7 m s21 and 6 3

1025 m s21, respectively, on 2 April 2011
when the depression started. Precipita-
tion started before the arrival of the TD,
and lasted from 21 March to 5 April,
period during which the rainfall over the
whole sampling area was about 300 mm,
with the average heaviest daily value of
34 mm on 30 March (Figures 5b and 6a).
The average daily rainfall in W1 and W3
was very heavy 1 week before and during
the passage of the TD, with maxima on
24 March (89 mm) and 3 April (105 mm),
respectively (Figure 6a). There was a gen-
eral decrease of SST during the passage
of the TD, the largest cooling occurring to
the left (i.e., east) of the TD track (Figure
5c). The greatest SST decrease (�3.2�C
lower than the monthly averaged value)
occurred at 10.00�N, 111.25�E on 4 and 5
April (satellite images not shown).

3.2.2. Temporal Changes in a
Preexisting Cyclonic Eddy
Negative SLA combined with anticlock-
wise geostrophic currents indicate the

presence of a cyclonic eddy before the passage of the TD, with minimum SLA (211 cm) at 11.50�N, 111.75�E
(Figure 5d, left). During the passage of the TD, the eddy strengthened, and its center shifted to the southeast
(minimum SLA of 214 cm at 11.50�N, 111.5�E, Figure 5d, middle) toward the SST cooling core (10.00�N,
111.25�E, Figure 5c, middle). Lower minimum SLA (215 cm) and continuous shifting of the center of the eddy
(11.25�N, 111.25�E) to the southeast were observed 1 week after the passage of the TD (Figure 5d, right). The
eddy disappeared 2 weeks after the TD (i.e., late April, not shown).

Three indicators of the cyclonic eddy obtained from daily SLA images showed major changes as the TD
passed over the region, i.e., the minimum SLA value, used as index of cold eddy intensity; EKE; and moving
speed, Uh (Figure 6b). Minimum SLA started to decrease on 2 April below its usual minima in a previous
week, and reached its lowest value (216 cm) on 10 April (Figure 6b). Values of EKE and eddy moving speed
started to increase on 4 and 2 April, respectively, and reached their maximum values of 0.3 m2 s22 and 1.9
3 1024 m s21 on 10 and 7 April, respectively.

3.2.3. Horizontal Variations in Sea Surface Salinity
Satellite images of 10 day averaged SSS data from CATDS show two zones of low SSS (<32.5) before the
TD (22–31 March, Figure 7a): the first was centered on 12�N, 112�E, which coincided with ship-sampled

Figure 4. Latitudinal variations in depths of isotherms and in currents at various
depths. (a) Isotherms derived from XBTs. The blue dashed line identifies the
MLD. (b) Current directions at depths of 22, 38, 54, 70, 86, 102, 118, 134, and
150 m. The red vertical dashed lines identify the zonal distributions of the four
water masses.
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water at W1 (Figure 2a, mean SSS value of 32.09 from 10.96�N to 12.97�N), and the second was centered
on �9�N, 111�E, close to Mekong River and to ship-sampled water at W3 (Figure 2a, mean SSS value of
32.09 from 9.67�N to 10.50�N). The second low-SSS zone covered a surface area larger than the first, and
the two zones seemed to be interconnected by a tongue of low-SSS water. The two low-SSS zones were
not present on the next 10 day image, and SSS in the two previously low-SSS zones was >33.00 (1–10
April, Figure 7b).

Figure 5. Weekly averaged satellite images of (a) surface wind vectors and Ekman pumping velocity (EPV), (b) rainfall, (c) SST, and (d) surface geostrophic currents and sea level anomaly.
(first column) One week before the TD passage (from 23 to 30 March 2011); (second column) during the TD passage and after, i.e., ship sampling (from 31 March 2011 to 6 April 2011);
(third column) after the TD (from 7 to 13 April 2011). In all plots, the three horizontal dotted pink lines indicate the borders between the four water masses (W1, W2, W3, and W4); these
are identified in the center plots, where the ship’s track is also shown. The thick white line in the central plots corresponds to the TD’s track.
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4. Discussion

4.1. Presence of a Cold Eddy
The water column under W1 (i.e., north
of 10.96�N) showed rotating movement,
associated weak dome of isotherms, and
relatively shallow MLD (Figure 4). At the
sea surface, negative SLA combined with
anticlockwise geostrophic currents indi-
cated the presence of a cyclonic eddy
(Figure 5d). All these characteristics
point toward the presence of a cold
cyclonic eddy [Wang et al., 2003; Hu
et al., 2011] before, during, and after the
passage of the TD. However, there was
no corresponding cold water at the sur-
face (Figure 5c), indicating that the
upward movement of underlying water
associated with the cold eddy was not
strong enough to bring these water to
the surface as confirmed by the observa-
tion that the 26�C isotherm had not
reached the surface on 4 April, 1 day
after the passage of the TD (Figure 4a).
This was perhaps because the low SSS in
W1 created a density gradient that was
too strong to be broken by the uplifting
generated by the cold eddy.

4.2. Four Surface Water Masses
Four water masses with different characteristics were observed from the ship at sea surface (Figures 2 and 3).

First, W1 water mass covered a wide area north of 10.96�N (Figure 2a). It was characterized by high SST, low
SSS, low pCO2,sw, high DO, and low Chla (Table 1). Its SST and pCO2,sw were highly correlated with SSS

Figure 6. Temporal changes from 5 March 2011 to 25 April 2011 in (a) aver-
age rainfall over the whole sampling area (total), and in W1 and W3 along
the sampling track, and (b) three cold-eddy indicators: minimum SLA
(SLAmin), maximum EKE (EKEmax), and current velocity (Uh). The red vertical
dash lines correspond to the beginning and the end of the passage of
the TD.

Figure 7. Two 10 day composite SSS distributions from CATDS data sets (a) 22–31 March and (b) 1–10 April. In the two plots, the three hor-
izontal dotted pink lines indicate the borders between the four water masses (W1, W2, W3, and W4); these are identified in both plots,
where the ship’s track is also shown. The two ellipses identify two main areas of lower salinity water.

Journal of Geophysical Research: Oceans 10.1002/2014JC010131

SUN ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 8



(r 5 10.86 and 10.71, respectively, Figures 3a and 3b). Water mass W1 corresponded to the smallest and
northernmost of the two interconnected low-SSS zones that were present before the passage of the TD and
extended between �8�N and �13�N (Figure 7a). Taking the SSS of W4 water mass (33.16, Table 1) as a typi-
cal value for the area (see below), the SSS of W1 water (32.13) would represent the mixing of 31 parts of W4
water with one part of freshwater. There were at least two possible sources for this freshwater, i.e., the
Mekong River, located �360 km away (Figure 1), and the rain that fell on the region before ship sampling,
i.e., from 24 March to 3 April (Figure 5b). The low-SSS W1 water is further discussed in the next section.

Second, water mass W3 (9.67–10.50�N) covered a much smaller area than W1 (Figure 2a). They were charac-
terized by low SST, high SSS, high pCO2,sw, low DO, and high Chla (Table 1), i.e., the exact opposite of water
mass W1. Its SSS and DO were correlated with pCO2,sw moderately and highly, respectively (r 5 0.72 and
20.88, respectively, Figures 3b and 3c). The water column under W3 showed a large rotating movement,
strong dome of isotherms and shallow MLD (Figure 4), and the sea surface in W3 presented, during the pas-
sage of the TD, high EPV corresponding to a strong wind vortex, and a large area of cold water (Figures 5a
and 5c). All these characteristics point toward the occurrence of wind-driven uplifting of deeper water asso-
ciated with the passage of the TD. The low temperature of surface water in W3 (mostly <25�C) suggests
that these came from as deep as 40 m (Figure 4a), by Ekman pumping in response to the winds associated
with the passage of the TD (Figures 4a and 5a). Hence, the characteristics of surface water in W3 would
reflect the uplifting to the surface of subsurface water with low SST, high SSS, high pCO2,sw, low DO, and
high Chla caused by the passage of the TD. The first four characteristics are those expected for water
uplifted from depth, and high Chla indicates the presence of a deep Chla maximum, as predicted by a
model to occur at a depth of 40–60 m [Sasai et al., 2013] and as observed at �50 m during the spring inter-
monsoon season [Wang and Tang, 2014].

Third, water mass W2 (10.50–10.96�N) covered a small area between W1 and W3 (Figure 2a). Its character-
istics were intermediate between those of the two neighboring zones (Figure 3 and Table 1). This indi-
cates that water mass W2 likely resulted from horizontal mixing between water mass W1, which was
influenced by freshwater, and water mass W3, which was uplifted from depths �40 m, as result of the
passage of the TD.

Fourth, water mass W4 covered a large area south of W3 (i.e., south of 9.67�N, Figure 2a), its characteristics
extended over a larger area of W3 (Figure 3 and Table 1). The W4 water had mean SST, SSS, pCO2,sw, DO,
and Chla of 26.3�C, 33.16, 362 latm, 99%, and 0.4 lg L21, respectively (Table 1), which is interpreted as
resulting from horizontal mixing between water mass W3, uplifted during the passage of the TD, and ‘‘nor-
mal’’ surface SCS water. The extreme W4 values correspond to those found in the literature for the SCS in
March-April [Zhai et al., 2005, 2009, 2013].

4.3. Low Surface pCO2,sw: Freshwater Due to Rainfall
In W1, the low-SSS water (32.13 6 0.16) had low pCO2,sw (349 6 7 latm) and sea-air CO2 flux (24.7 6 1.8
mmol CO2 m22 d21) (Figure 2b). It was explained in the previous section that, taking the SSS of W4 water
(33.16, Table 1) as a typical value for the area, the SSS of W1 water would represent the mixing of 31 parts
of W4 water with one part of freshwater. There were two possible sources considered for this freshwater,
i.e., the Mekong River and the rain that fell on the region before ship sampling, i.e., from 24 March to 3 April
(Figure 5b).

Water from the Mekong River is characterized by high pCO2 (up to >1500 latm [Li et al., 2013]) and high
nutrients (e.g., NO3 1 NO2 5 12.4 lmol L21 [Grosse et al., 2010]). Given that the pCO2 of Mekong water is
much higher than that of SCS (e.g., W4, 362 latm, Table 1), mixture of the two water masses should have
resulted in higher pCO2,sw than W4, which is contrary to what was observed in W1 (i.e., pCO2,sw 5 349 latm,
Table 1). Similarly, the high nutrients in Mekong water should have caused relatively high Chla in W3, which
is contrary to observation there (i.e., Chla 5 0.2 lg L21, Table 1). Hence, it is unlikely that water from the
Mekong River contributed much to the characteristics of W1.

Concerning the possible effect of rainwater, one must first consider the characteristics of SCS water, i.e., W4.
Given the SSS and pCO2,sw of W4, the total alkalinity (TA) [Lee et al., 2006] and dissolved inorganic carbon
(DIC) [DOE, 1994] of this water were 2199 and 1883 lmol kg21, respectively. Mixing 31 parts of W4 water
with one part of rainwater would have added no or little TA or DIC [Turk et al., 2010; Cao et al., 2014], so that
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TA and DIC of the mixture, given its S 5 32.12, would have been 2130 and 1824 lmol kg21, respectively,
and its pCO2,sw would thus have been 351 latm. The latter value is very close to the actual pCO2,sw

observed in W1 (349 latm). Furthermore, the (mean) 0.3 m of rain that fell on the W1 area from 24 March
to 3 April (Figure 6a) could have diluted a thickness of 0.3 m 3 (31 1 1) 5 9.5 m of seawater from a salinity
of 33.16 down to 32.13, which is more than enough to account for the SSS measured on board the ship 5 m
below the sea surface. Hence, the observed characteristics of W1 could be explained by the rain that fell on
the W1 area between 24 March and 3 April.

The presence of a cold eddy in W1 (see above) could have suggested that the uplifting to the surface of
deeper, more saline, and CO2-riched water would have resulted in higher pCO2,sw and sea-air CO2 flux
as reported in other studies [Chen et al., 2007; Bond et al., 2011]. However, this was not the case in W1
because the uplifting of deeper water there was not strong enough to bring this deep water to the sur-
face, contrary to W3 where the observed high SSS reflected strong upward water movement (Figure
4a). However, on the 10 day satellite composite image (Figure 7b, 1–10 April), SSS in W1 is very high
(>34), possibly because the eddy-driven uplifting, which may have been strengthened by the passage
of the TD (Figure 6b), finally brought deeper, salty water to the surface after the passage of the ship on
4–5 April.

4.4. High Seawater pCO2,sw: Passage of the TD
High pCO2,sw (376 6 8 latm) and sea-air CO2 flux (2.0 6 3.1 mmol CO2 m22 d21) were observed in W3 (Table 1),
which was the area directly affected by the passage of the TD. There, SST and DO were low, and SSS and Chla
were high (Table 1), and SSS was correlated with SST (moderately), and pCO2,sw with SSS (moderately) and DO
(highly) (Figure 3). These characteristics and relationships indicate mixing of cold, salty, and DO-poor subsurface
water with the surface water, hence the uplifting of deeper water to the surface. In addition, the MLD and the
isotherms formed a dome, the 25�C isotherm reached the sea surface, and changes in current direction at depth
suggested rotating movement over the W3 area (Figure 4b). All these reinforce the explanation of surface water
characteristics influenced by the uplifting of deeper water with low temperature and DO, and high salinity,
pCO2,sw, and Chla. The cause of the uplifting would have been the winds associated with the passage of the TD
(Figure 4a), and the positive sea-air CO2 flux, a consequence of the influx of deeper water with high pCO2,sw into
the surface layer.

The above uplifting is consistent with the average EPV calculated from satellite wind data and the time lag
between the passage of the depression and the ship’s observations, i.e., �6 3 1025 m s21 and 2 days (i.e.,
1.7 3 105 s). Multiplying these two values provides a simple estimation of the wind-driven uplifting, i.e.,
�10.4 m, which is comparable to the observed elevation of the MLD by 11 m (i.e., the difference between
MLD in W3 and W4, Table 1).

A very high Chla concentration (1.1 6 0.2 lg L21, Table 1) was observed in W3 after the TD passage. This
could have been caused by two different mechanisms. On the one hand, the strong winds that accom-
pany a tropical depression cause vertical mixing of the water column, which entrains deeper, nutrient-
rich water into the euphotic zone [Hung and Gong, 2011; Chung et al., 2012; Chen et al., 2013]. These
nutrients may trigger a rapid increase in phytoplankton biomass (mostly picophytoplankton in the SCS
[Ning et al., 2004; Hung et al., 2009]). On the other hand, the upwelling and vertical mixing induced by a
tropical cyclone as a result of strong winds may transport deeper water with high Chla to the surface, as
reported in other areas of the SCS [Lin et al., 2003; Zhao et al., 2009; Ye et al., 2013] and is consistent with
the presence of a deep Chla in the sampling area at a depth of 40–60 m (see above). This can cause high
surface Chla concentration. Given the lack of relationship between Chla and pCO2,sw in W3 (r 5 10.02,
Figure 3d), the high surface Chla there did not likely result from local photosynthesis but instead
reflected the uplifting of deeper water with high Chla concentration, especially considering that the
25�C isotherm in the W3 area reached the sea surface up from a depth of �40 m (Figure 4a). This mecha-
nism assumes that a deep Chla maximum was present in the W3 sampling area before the passage of
the TD.

4.5. Effects on Local CO2 Exchange
The extent of the cold eddy increased during the passage of the TD, and included the TD-affected area after
the TD had passed (Figure 5d, middle and right). This indicates that the two areas were somehow related:
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the possible connection and interaction between the two areas below the surface layer could have influ-
enced the effect of the TD on sea-air CO2 fluxes, although the only vertical data available (i.e., Figure 4) do
not provide information on such processes.

Before the passage of the TD, the surface water above the cold eddy (W1 in Figure 2a) and the water that
would later be affected by the TD (W3 in Figure 2a) had similar low SST and low SSS because they were
both affected by freshwater (Figures 5c and 7). Hence, it is possible that these water masses also shared
other properties, including low pCO2,sw and sea-air CO2 flux. After the passage of the TD, the average sea-
to-air CO2 flux in W1 (above the cold eddy) and W3 (TD-affected water) were 24.7 6 1.8 and 2.0 6 3.1
mmol CO2 m22 d21, respectively, showing that the freshwater-invaded area was a regional sink for atmos-
pheric CO2, and the TD-affected water was a source. Assuming that the water properties of W3 were similar
to those of W1 in late March, the passage of the TD would have transformed W3 water from an atmospheric
CO2 sink into a source. Under this assumption, the difference between the CO2 flux in W3 before and after
the passage of the TD could have been �4.7 1�2.0 5 6.7 mmol CO2 m22 d21, i.e., a 100% change com-
pared to the average seasonal sea-air CO2 flux in spring in the southern SCS (3.3 6 0.3 mmol CO2 m22 d21,
reported by Zhai et al. [2013]).

The process by which tropical cyclones influence CO2 sea-air fluxes, is complex, as the piston velocity
and pCO2,sw change in response to the high wind speeds and physical processes (e.g., mixing, cooling,
and upwelling) caused by the cyclones [Wanninkhof, 1992; Perrie et al., 2004; Nemoto et al., 2009]. Con-
trary to some observed very high efflux of CO2 caused by tropical cyclones (i.e., negative sea-air CO2 flux
[Bates et al., 1998; Perrie et al., 2004; Nemoto et al., 2009]), the present study reports high pCO2,sw and
positive sea-air CO2 flux, i.e., an influx from atmosphere to ocean. This could be explained by two factors
that are related to the special characteristics of the TD and the pre-TD ocean conditions in this study, (1)
undersaturation of CO2 prior to the TD due to dilution by freshwater and the preexisting cold eddy. In
undersaturated CO2 conditions, the instantaneous wind effect induced by the tropical cyclone and the
postcyclone mixing effect add up [Levy et al., 2012] to increase the CO2 influx from the atmosphere into
the ocean. (2) Slow translation speed of the TD. Translation speed is a key factor determining the
response of the upper ocean to tropical cyclones because a slower translation speed corresponds to a
longer residence time of the tropical cyclone over the area it influences [Gierach and Subrahmanyam,
2008; Zhao et al., 2008; Sun et al., 2010; Lin, 2012]. The maximum translation speed of the TD in the pres-
ent case was 1.6 m s21, which is much less than the threshold between slow and fast-moving typhoons,
i.e., 6 m s21 [Price, 1981]. This could explain the observed large responses exhibited in this study by such
physical characteristics as upwelling, MLD shoaling, and uplifting of deeper water into the surface layer.

Figure 8. Conceptual diagram illustrating the mechanisms by which dilution by freshwater and the passage of the TD caused the negative
and positive sea-air CO2 fluxes postulated before the passage of the TD and observed after the TD had passed, respectively. The solid lines
correspond to physical mechanisms and the dotted line to a hypothetical effect. The different figures on which the mechanisms are based
in the text are identified.
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5. Conclusions

This study showed how the passage of a TD over the SCS turned a sink for atmospheric CO2, which was
related to dilution by freshwater, into a source. The different mechanisms involved in the changes caused
by freshwater and the passage of the TD are presented schematically in Figure 8, which indicates that the
overall mechanism in the TD-affected area was that of wind-driven uplifting of deeper water. Our work
showed that episodic events could have large effects on local sea-air CO2 exchanges, and should be
included in estimates of local CO2 flux.
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